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Oxidation is one of the most fundamental and also important classes of 
reactions in organic synthesis. Methodologies for asymmetric oxidation are 
valuable tools for the synthesis of small molecules that can be useful as fine 
chemicals or pharmaceutics. Hence much effort has been devoted to the 
development of methods for asymmetric oxidation. 
In this thesis, we describe our studies in expanding the scope of asymmetric 
phase-transfer catalyzed oxidation reactions using chiral phase-transfer 
catalysts and simple oxidants. The reactions studied include the α-
hydroxylation reaction of ketones and the epoxidation of nitroalkenes. 
Chapter 1 gives a brief introduction and review of the development of 
phase-transfer catalyzed asymmetric oxidation reactions.   
In chapter 2, we describe our efforts in developing a phase-transfer 
catalyzed enantioselective α-hydroxylation reaction of ketones. Utilizing a 
dimeric phase-transfer catalyst in tandem with molecular oxygen, we showed 
that both acyclic and cyclic ketones can be hydroxylated efficiently to yield 
tertiary α-hydroxyketones with good to excellent enantioselectivity.  
In chapter 3, the asymmetric phase-transfer catalyzed epoxidation of 
nitroalkenes was explored. New bifunctional phase-transfer catalysts based on 
the chiral 1-amino-2-indanol scaffold were designed, synthesized and applied 
to the epoxidation reaction. Preliminary results showed that the new 
bifunctional catalysts led to better enantioselectivities of the products as 
compared to conventional phase-transfer catalysts. 
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Introduction to Phase-Transfer Catalyzed  





1.1 Background  
Oxidation is one of the most fundamental and important reactions in 
organic chemistry and the oxygen-functionalization of small molecules can 
lead to useful products. Thus there is an ever-increasing demand for mild and 
selective oxidation methods. However, oxidation reactions still offer 
significant challenges to organic chemists, although over the past few decades 
many different methodologies based on metal catalysis, organocatalysis and 
also biocatalysis have been developed to address these requirements. 1  Of 
particular importance are asymmetric oxidation reactions 2  which generate 
chiral non-racemic compounds. These molecules can serve as synthetic 
intermediates or are themselves valuable products in the fine chemicals or 
pharmaceutical industries. The significance of this research area is duly 
recognized by the awarding of half the 2001 Nobel Prize to Professor Barry 
Sharpless “for his work on chirally catalyzed oxidation reactions”. 
Metal-catalyzed reactions have always played a dominant role in the 
development of asymmetric oxidation and achieved excellent results. 3 
However, the high costs and toxicity of metals, as well as the air- and 
moisture-sensitivity of their complexes in general, are the main drawbacks of 
metal catalysis. In recent years, organocatalysis have delivered powerful tools 
                                                          
1
 Bäckvall, J.-E. Modern Oxidation Methods, Wiley-VCH, Weinheim, 2004. 
2
 Katsuki, T. Asymmetric Oxidation Reactions, Oxford University Press, New York, 2001. 
3
 a) Matsumoto, K.; Katsuki, T. in Catalytic Asymmetric Synthesis, 3
rd
 Ed. John Wiley, 





for metal-free synthesis 4  and among them are methods for asymmetric 
oxidation.5  
Within the field of asymmetric organocatalysis, phase-transfer catalysis 6 
offers some unique advantages over other enantioselective reactions 
performed in homogeneous media. This includes higher chemoselectivity and 
reduced side reactions due to controlled delivery of reagents into the organic 
phase, and simplified separation of products from excess reagents and 
byproducts due to the biphasic nature of the reactions. As a result, asymmetric 
phase-transfer catalysis has been applied to many important organic 
transformations such as alkylation, the aldol reaction, Michael addition and 
Strecker reaction (for examples of the various reactions, see reviews listed in 
ref. 6). Asymmetric oxidation reactions performed under phase-transfer 
conditions have also been reported and in the sections below, the different 
reaction types as well as the results achieved are summarized. 
 
1.2  Phase-Transfer Catalyzed Asymmetric Oxidation 
Reactions 
 
1.2.1 Asymmetric α-Hydroxylation 
The asymmetric α-hydroxylation reaction of carbonyl compounds is a 
useful reaction for the synthesis of chiral α-hydroxy carbonyl compounds. By 
                                                          
4 a) Berkessel, A. and Gröger, H. Asymmetric Organocatalysis. Weinheim, Wiley-VCH, 2005. 
   b) Dalko, P. I., Ed; Enantioselective Organocatalysis. Weinheim, Wiley-VCH, 2007. 
5
 Bryliakov, K. Environmentally Sustainable Catalytic Asymmetric Oxidations, CRC Press, 
2014, pp. 85-108.  
6
 a) Maruoka, K., Ed; Asymmetric Phase Transfer Catalysis. Wiley-VCH, 2008. 
  b) Ooi, T.; Maruoka, K. Angew. Chem. Int. Ed. 2007, 46, 4222-4266. 
  c) Hashimoto, T.; Maruoka, K. Chem. Rev. 2007, 107, 5656-5682. 




using α-substituted carbonyl compounds as starting material, quaternary 
carbon centers containing a hydroxyl group can be generated. There have been 
several reports on enantioselective phase-transfer catalyzed α-hydroxylation 
using chiral phase-transfer catalysts (PTCs) and the reaction conditions are 
usually mild and most of the reactions utilizes the abundant and 
environmentally benign molecular oxygen as the oxidant. 
The enantioselective a-hydroxylation of tetralone as well as indanone 
substrates by phase-transfer catalysis using molecular oxygen was first 
reported by Shioiri and co-workers in 1988. 7  They made use of the 
cinchonine-derived phase-transfer catalyst (PTC) 1-1 in 5 mol% catalyst 
loadings and obtained the tertiary α-hydroxy ketones in very high yields with 
good enantioselectivities (Scheme 1.1). They also attempted the hydroxylation 
reaction using a α,β-unsaturated ketone and attained moderate results.  
 
 
Scheme 1.1 Enantioselective α-hydroxylation reaction by Shioiri 
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The same hydroxylation reaction was also attempted by Brussee and co-
workers using chiral crown ethers (Scheme 1.2).8 They screened a series of 
chiral mono-aza-15-crown-5 and -18-crown-6 ethers and found that one of the 
smaller 15-crown-5 rings 1-2 gave highest enantioselectivity. A few tetralones 
with different alkyl groups at the α-position were subjected to the 
hydroxylation reaction and the corresponding α-hydroxy ketones were 
obtained in high yields (80-95%) and moderate enantiomeric ratios (er) (83:17 
to 86:14 er). 
 
 
Scheme 1.2 Enantioselective α-hydroxylation using chiral crown ether 
 
In 2008, Itoh and co-workers reported the phase-transfer catalyzed 
asymmetric hydroxylation of oxindoles using molecular oxygen as oxidant.9 
Different chiral phase-transfer catalysts were first screened and cinchonidine-
derived PTC 1-3 was found to perform better than spirobinaphthyl quaternary 
ammonium salt and tartrate-derived bis-ammonium salts. Using 20 mol% of 1-
3, various N-protected 3-substituted oxindoles was hydroxylated with almost 
quantitative yields and good to excellent er (Scheme 1.3).  
 
                                                          
8
 de Vries, E. F. J.; Ploeg, L.; Colao, M.; Brussee, J.; van der Gen, A. Tetrahedron:   
Asymmetry 1995, 6, 1123-1132. 
9





Scheme 1.3 Phase-transfer catalyzed asymmetric hydroxylation of oxindoles  
 
Subsequently in 2012, Tan also reported the asymmetric hydroxylation of 
3-substituted oxindoles using their pentanidium phase-transfer catalyst 1-4.10 
They demonstrated that the reaction proceed by an interesting two-step 
pathway where a hydroperoxide oxindole was first formed enantioselectively, 
and followed by a kinetic resolution of the hydroperoxide via a reduction with 
enolates generated from oxindoles. Catalyzed by 5 mol% of 1-4, the reaction 
furnished 3-substituted-3-hydroxy-2-oxindoles in high yields with good to 
excellent enantioselectivities (Scheme 1.4). 
 
Scheme 1.4 Asymmetric hydroxylation of oxindoles with  pentanidium PTC 
                                                          
10





The asymmetric hydroxylation of β-keto esters under phase-transfer 
conditions was reported by Meng and co-workers. 11  In the presence of a 
cinchona alkaloid-derived PTC 1-5, the β-keto esters were hydroxylated using 
cumene hydroperoxide as the oxidant (Scheme 1.5). By substituting different 
ester groups, er of up to 86:14 can be achieved (when R = 1-Adamantyl) with 
yields ranging from 48 to 99%. The scope of the substrates are however 
restricted to cyclic β-keto esters as the attempt to hydroxylate an acyclic 
substrate only resulted in trace amount of the corresponding product.  
 
 
Scheme 1.5 Asymmetric hydroxylation of β-ketoesters 
 
The same group then extended their work on the asymmetric hydroxylation 
of β-keto esters by developing a method which allows molecular oxygen to be 
used as the oxidant in place of cumene hydroperoxide. 12  By introducing 
tetraphenylporphyrin (TPP) as a photosensitizer into the reaction, singlet 
oxygen can be generated upon irradiation of the reaction mixture with visible 
light, in the presence of molecular oxygen (in the triplet state). The singlet 
oxygen will then react with the enolate of the β-keto esters to yield the α-
hydroxy-β-keto ester products. With 5 mol% of PTC 1-6 and 1 mol% of TPP, 
the product can be obtained in 81-93% yield and 71:29 to 88:12 er (Scheme 
1.6). 
                                                          
11
 Lian, M.; Li, Z.; Du, J.; Meng, Q.; Gao, Z. Eur. J. Org. Chem. 2010, 6525-6530. 
12




Scheme 1.6 Enantioselective photooxygenation of β-ketoesters 
 
1.2.2 Asymmetric Dihydroxylation 
Although asymmetric dihydroxylation of alkenes is most commonly 
performed using osmium compounds, its toxicity is an issue of concern. 
Phase-transfer catalysis can circumvent this potential problem by making use 
of more benign oxidants such as potassium permanganate (KMnO4) which can 
be easily transferred from aqueous to organic layer by a PTC. 
The asymmetric dihydroxylation under phase-transfer conditions was 
developed by Brown and co-workers. They showed that α,β-unsaturated 
ketones can be oxidized to the corresponding diols by using PTC 1-7 with 
KMnO4 as the oxidant (Scheme 1.7).
13  
 
Scheme 1.7 Asymmetric dihydroxylation of α,β-unsaturated ketones 
 
The main drawback of this reaction is that a stoichiometric amount of 1-7 
was needed and this was due to the high oxidizing power of KMnO4, which 
                                                          
13





destroyed the cinchonidine-derived PTC. Efforts to extend the substrate scope 
were less satisfactory as simple olefin with terminal double bond (4-phenyl-1-
butene) gave the racemic diol, while the use of stilbene and chalcone led to 
over-oxidation products. The dihydroxylation of styrene did however provide 
the diol with a modest er of 59:41. Nevertheless this work remains a promising 
example of asymmetric phase-transfer dihydroxylation and could be extended 
if milder oxidants could be found. 
In a related work, Brown also demonstrated that the combination of 1-7 and 
KMnO4 can effect the oxidative cyclization of 1,5-dienes.
14 Acidic conditions 
were needed to promote the intramolecular ring closure and yield the product 
(Scheme 1.8).  Various 1,5-dienes were investigated and it was found that 
those with conjugated ketone functionalities gave the best results. 
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1.2.3 Asymmetric Epoxidation 
Asymmetric epoxidation is perhaps the most extensive studied of all the 
phase-transfer catalyzed asymmetric oxidation reactions. In as early as 1976, 
Wynberg and co-workers reported the asymmetric epoxidation of chalcones 
under phase-transfer conditions using a quinine-derived PTC 1-8. Using 
hydrogen peroxide (H2O2) as the oxidant, the corresponding epoxides can be 
obtained in modest er of up to 73:27 (Scheme 1.9)15  
 
Scheme 1.9 Wynberg’s work on chalcone epoxidation 
 
Arai and Shioiri also reported the epoxidation of chalcones using cinchona 
alkaloid-derived PTCs and they observed that the substituent on the para-
position of the benzyl group of the PTC plays a role in determining the 
enantioselectivity of the epoxy-ketone product (Scheme 1.10).16 The catalyst 
1-9 with the 4-iodobenzyl group gave the best results. They also determined 
that the 9-OH group on the cinchonine scaffold was even more essential for 
enantioselectivity, as O-allylated analogues gave the racemic product. A series 
of substituted enones were screened and the products were obtained in 41-99% 
yield  and 71:29 to 96:4 er. 
                                                          
15
 Helder, R.; Hummelen, J. C.; Laane, R. W. P. M.; Wiering, J. S.; Wynberg, H. Tetrahedron  
Lett. 1976, 17, 1831-1834. 
16





Scheme 1.10 Arai’s work on asymmetric epoxidation of chalcone 
 
A highly enantioselective epoxidation of chalcones was reported by Corey 
and Zhang, utilizing potassium hypochlorite (KOCl) as oxidant and a 
dihydrocinchonidine-derived PTC 1-7.
17
 The excellent enantioselectivities 
observed was attributed to the rigidity of the catalyst, which has a 9- 
anthracenylmethyl group attached to the quinuclidine nitrogen of the cinchona 
alkaloid core structure. A variety of alkyl and aryl enones are tolerated and the 
epoxy-ketones were obtained in high yields and excellent er (Scheme 1.11). 
 
Scheme 1.11 Corey’s work on asymmetric epoxidation of chalcone 
 
In 2005, Park, Jew and co-workers introduced dimeric cinchona-based 
PTCs that were able to catalyze the epoxidation of 2,4-diarylenones in both 
excellent yields and enantioselectivities.
18
 During initial investigation, they 
found that the reaction was sluggish and suffered from poor enantioselectivity, 
                                                          
17
 Corey, E. J.; Zhang, F.-Y. Org. Lett. 1999, 1, 1287-1290. 
18
 Jew, S.-S.; Lee, J.-H.; Jeong, B.-S.;Yoo, M.-S.; Kim, M.-J.; Lee, Y.-J.; Lee, J.; Choi, S.-H.; 




and they postulated that the poor solubility of the PTC had allowed 
background reaction to proceed. Addition of a surfactant such as Span 20 
shortened the reaction time and also dramatically improved the er. During 
optimization, they found that the 9-OH and 6’-OMe functionalities on the 
cinchona unit was crucial for high enantioselectivity and the catalyst with a F 
atom on the ortho-position of the phenyl linker (PTC 1-10) enhanced the er 
further. Catalyzed by just 1 mol% of 1-10, epoxidation of various aryl-enones 
yielded the products in excellent yields (>90%) and enantioselectivities (98:2 
to >99:1 er) (Scheme 1.12). 
 
Scheme 1.12 Asymmetric epoxidation of 2,4-diarylenones using dimeric 
PTCs 
 
Aside from cinchona alkaloid-derived PTCs, phase-transfer catalyzed 
asymmetric epoxidation was also attempted using catalysts having other chiral 
scaffolds. Maruoka and co-workers designed a series of highly efficient N-
spiroammonium PTCs 1-11 for the epoxidation of various enones.
19
 They 
suggested that the catalysts serve dual functions and the hydroxyl 
functionalities play an important role in aligning the enones substrates to the 
correct orientation inside the chiral molecular cavity. This leads to a high level 
of asymmetric induction and the products can be obtained with excellent er 
                                                          
19




(Scheme 1.13). The level of enantioselectivity observed is highly dependent 
on the steric size and electronic factor of the Ar and R substituents on the 
catalysts, and indeed the er was lower when catalysts with less bulky 
substituents (1-11c to 1-11e) were used.  Excellent yields and er can be 
achieved for the epoxidation of both alkyl and aryl enones at very low catalyst 
loadings (3 mol%), making this system a very powerful tool for asymmetric 
epoxidation.  
 
Scheme 1.13 Asymmetric epoxidation with N-spiroammonium PTCs 
 
The use of crown ethers as chiral phase-transfer catalysts for asymmetric 
epoxidation was reported by Bakó and co-workers. 20  They designed and 
                                                          
20
 Bako, P.; Bako, T.; Meszaros, A.; Keglevich, G.; Szollosy, A.; Bodor, S.; Mako, A.; Toke, 
L. Synlett. 2004, 643-646. 




synthesized chiral mono-aza-15-crown-5 compounds derived from different 
sugars. When applied to the asymmetric epoxidation of 2,4-diarylenones, they 
found that the mono-aza crown ether derived from D-glucose, 1-12, gave the 
highest enantioselectivity for the epoxidation of chalcone (Scheme 1.14). 
Other enones with substituents on the aryl rings gave less satisfactory results 
(29-82% yield, 52:48 to 91:9 er).  
 
 
Scheme 1.14 Asymmetric epoxidation using chiral crown ether 
Murphy and co-workers developed several tetracyclic C2-symmetrical 
guanidinium salts derived from S-(-)-malic acid and investigated their 
applications as organocatalysts for asymmetric synthesis. 21  As a proof of 
concept, one of the salts, 1-13, was employed as a phase-transfer catalyst for 
asymmetric epoxidation. Two enone substrates were screened and in both 
cases the epoxy ketone products were obtained with excellent 
enantioselectivity (Scheme 1.15).  
 
Scheme 1.15 Asymmetric epoxidation catalyzed by a chiral guanidinium salt 
                                                          
21
 Allingham, M. T.; Howard-Jones, A.; Murphy, P. J.; Thomas, D. A.; Caulkett, P. W. R. 




Compared to trans-enones, the enantioselective epoxidation of cis-enones 
is a more challenging task. The asymmetric epoxidation of naphthoquinones 
was originally attempted by Wynberg but the enantioselectivity was very poor. 
Arai and Shioiri reported the epoxidation of 2-substituted naphthoquinones 
using a cinchona-derived PTC 1-14.22 Although the products were obtained in 




Scheme 1.16 Asymmetric epoxidation of naphthoquinones 
 
Subsequently Berkessel reported the epoxidation of 2-methyl-
naphthoquinone (vitamin K3) with improved enantioselectivity (Scheme 
1.17).23 They prepared PTC 1-15 which has hydroxyl groups attached to the 
C6’ and C9 positions and employed it for the epoxidation reaction. Higher 
enantioselectivity was observed compared to earlier reports (93:7 er versus 
67:33 er in Arai’s work). Through computational studies, the authors attributed 
this to additional hydrogen bonding interactions between the catalyst and 
substrate, through the introduction of the hydroxyl group at the C6’ position.  
                                                          
22
 Arai, S.; Tsuge, H.; Oku, M.; Miura, M.; Shioiri, T. Tetrahedron, 2002, 58, 1623-1630. 
23






Scheme 1.17 Asymmetric epoxidation of 2-methyl-naphthoquinone 
 
Adam reported the asymmetric epoxidation of isoflavones catalyzed by 
PTC 1-1, with commercially available cumene hydroperoxide as the oxidant 
(Scheme 1.18). 24  The corresponding epoxides were obtained in almost 
quantitative yield with excellent enantioselectivity, even when using only 1 
mol % of the catalyst.  
 
 
Scheme 1.18 Asymmetric epoxidation of isoflavones 
 
Aggarwal and co-workers reported the enantioselective epoxidation of 
simple olefins catalyzed by chiral amines, with Oxone as oxidant.25 In the 
studies that followed, protonated amine salts such as 1-16 was identified as the 
active catalytic species. 1-16 was postulated to have dual role: as a phase-
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transfer agent to bring the oxidant into solution and to activate Oxone through 
hydrogen bonding interactions (Scheme 1.19).  
 
















1.3  Aim of Study 
The field of asymmetric organocatalysis has advanced rapidly in the past 
decade, but compared to areas such as Lewis base or Brønsted acid catalysis, 
the development of asymmetric phase-transfer catalysis has been relatively 
slow.  
From the examples described above, phase-transfer catalysis has proven to 
be a powerful tool for asymmetric oxidation, with the possibility of achieving 
high yields and enantioselectivities. At the same time, the oxidation reactions 
can be accomplished under mild conditions, using rather benign oxidants. This 
enhances their usefulness for large scale syntheses. However, the types of 
reactions and the scope of substrates are still rather limited. 
Thus in this study, we aim to expand the scope of substrates that can 
undergo established asymmetric phase-transfer catalyzed oxidation reactions 
to generate useful products.  We also aim to develop new catalyst scaffolds not 
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2.1 Introduction  
The tertiary α-hydroxy carbonyl functionality is found in many biologically 
active natural products as well as synthetic drugs such as tephrosin, 1  (-)-
blebbistatin2 and doxycycline3 (Figure 2.1). Also, enantiomerically-enriched 
α-hydroxy carbonyl compounds are useful building blocks in the synthesis of 
complex molecules,4 and they can act as stereodirecting groups.5 Therefore, 
the development of methods for the synthesis of this class of compounds, 
including the related α-hydroxy-β-dicarbonyl compounds, is an actively 
pursued area of research.6 
 
Figure 2.1 Biologically active natural products and drugs containing the 
tertiary α-hydroxy carbonyl functionality 
 
Synthetically, the most direct method to introduce a hydroxyl functionality 
adjacent to the carbonyl group would be the oxidation of the corresponding 
                                                          
1 Matsuda, H.; Yoshida, K.; Miyagawa, K.; Asao, Y.; Takayama, S.; Nakashima, S.; Xu, F.;   
Yoshikawa, M. Bioorg. Med. Chem. 2007, 15, 1539-1546. 
2  Lucas-Lopez, C.; Patterson, S.; Blum, T.; Straight, A. F.; Toth, J.; Slawin, A. M. Z.; 
Mitchison, T. J.; Sellers, J. R.; Westwood, N. J. Eur. J. Org. Chem. 2005, 1736-1740. 
3 Olack, G.; Morrison, H. J. Org. Chem. 1991, 56, 4969-4971. 
4
 Hannessian, S. Total Synthesis of Natural Products: the Chiron Approach; Pergamon Press: 
New York, 1983; Chapter 2. 
5 a) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew. Chem. Int. Ed. 1985, 24, 1-30.        
b) Oppolzer, W. Angew. Chem. Int. Ed. 1984, 23, 876-889.   
  c) Kitamura, M.; Ohkuma, T.; Inoue, S.; Sayo, N.; Kumobayashi, H.; Akutagawa, S.; Ohta,   
T.; Takaya, H. ; Noyori, R. J. Am. Chem. Soc. 1988, 110, 629-631.  
 d) Fujita, M.; Hiyama, T. J. Am. Chem. Soc. 1984, 106, 4629-4630. 
 e) Evans, D. A.; Bender, S. L. Tetrahedron Lett. 1986, 27, 799-802. 
 f) Reetz, M. T. Angew. Chem. Int. Ed. 1984, 23, 556-569.  
6 Chen, B.-C.; Zhou, P.; Davis, F. A.; Ciganek, E. Organic Reactions; Overman, L. E., Ed.; 




enolate or silyl enol ether as exemplified by the Rubottom oxidation reaction7 
(scheme 2.1). In the reaction, the pre-formed silyl enol ether is oxidized by 
meta-chloroperbenzoic acid (m-CPBA) and yields the α-hydroxy ketone after 
removal of the trimethylsilyl (TMS) functional group. 
 
Scheme 2.1 The Rubottom oxidation reaction 
And indeed, these types of reactions have been extensively studied in the 
past few decades and enantioselective variants have also been reported. 
Various oxidants such as N-sulfonyloxaziridine, 8  peroxides, hypervalent 
iodine compounds and metal oxides have been utilized.6 However, the main 
drawback of these methodologies is that they generally require the prior 
generation of the enolates or silyl enol ethers. In addition, reactions need to be 
carried out under stringent conditions as the reagents used are typically air- 
and moisture-sensitive. More importantly, each reaction step also generates a 
stoichiometric amount of byproduct, leading to wastage and the need to safely 
dispose of the byproducts.  
From both an economical as well as an environmental viewpoint, the low 
cost, great abundance and benign nature of molecular oxygen makes it the 
ideal candidate to serve as an oxidant or as a source of O-atom in organic 
synthesis. Recently, the palladium-catalyzed aerobic hydroxylation of ketones 
using oxygen gas was reported by Ritter and co-workers, 9  and this was 
followed by the work of Jiao and co-workers on similar reactions catalyzed by 
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 Rubottom, G. M.; Vazquez, M. A.; Pelegrina, D. R. Tetrahedron Lett. 1974, 15, 4319-4322. 
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 For review see: Davis, F. A.; Chen, B.-C. Chem. Rev. 1992, 92, 919-934. 
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cesium carbonate10 (scheme 2.2). The protocols described were operationally 
simple and the generation of byproducts was minimized through the use of 
molecular oxygen as the stoichiometric oxidant. Both cyclic as well as acyclic 
α-hydroxy ketones were obtained in good yields but the asymmetric synthesis 
of enantioenriched products was not reported in both works. Given the 
usefulness of enantioenriched α-hydroxy carbonyl compounds, we became 
interested in the prospect of utilizing O2 for the enantioselective synthesis of 
such compounds. 
 
Scheme 2.2 Brief summary of methods to access tertiary α-hydroxy ketones 
starting from carbonyl compounds 
 
A survey of the literature revealed that α-hydroxylation of carbonyl 
compounds with oxygen have also been previously achieved by phase-transfer 
catalysis, with the use of chiral phase-transfer catalysts (PTCs) leading to 
enantioenriched products. This was first reported by Shioiri and co-workers in 
1988 using 2-substituted tetralones as the starting material (scheme 2.3).11 
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 Liang, Y.-F.; Jiao, N. Angew. Chem. Int. Ed. 2014, 53, 548-552. 
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Scheme 2.3 Phase-transfer catalyzed asymmetric α-hydroxylation of 
tetralones 
 
However the examples reported were restricted to cyclic ketones. This was 
also the case in subsequent works on the phase-transfer catalyzed asymmetric 
α-hydroxylation of ketones. 12  Although the α-hydroxylation of cyclic β-
ketoesters13 and oxindoles14 were also reported afterwards, the reaction using 
acyclic ketones has so far remained elusive. Hence this motivated us to 
attempt the phase-transfer catalyzed α-hydroxylation of acyclic ketones in 
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 a) de Vries, E. F. J.; Ploeg, L.; Colao, M.; Brussee, J.; van der Gen, A. Tetrahedron:   
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    b) Dehmlow, E. V.; Wagner, S.; Müller, A. Tetrahedron 1999, 55, 6335-6346. 
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 a) Lian, M.; Li, Z.; Du, J.; Meng, Q.; Gao, Z. Eur. J. Org. Chem. 2010, 6525-6530. 
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2.2 Optimization of the Phase-Transfer Catalyzed                    
α-Hydroxylation Reaction of Acyclic Ketones 
We initiated our investigation on the α-hydroxylation of acyclic ketones 
with ketone 2-1a. The α-hydroxylation of this substrate was previously 
attempted by Davis and co-workers using a chiral N-sulfonyloxaziridine as the 
oxidant, but the results obtained were only modest 
15
(scheme 2.4). This 
illustrates the difficulties in asymmetric hydroxylation of acyclic ketones, 
especially di-substituted ketones that results in tertiary α-hydroxy ketones. 
 
Scheme 2.4 α-hydroxylation of ketone 2-1a attempted by Davis 
2.2.1 Catalyst Screening 
We first attempted the α-hydroxylation reaction using different phase-
transfer catalysts (PTCs) to test their efficiency. In a typical reaction, ketone 2-
1a and the PTC (5 mol%) was dissolved in an organic solvent, and triethyl 
phosphite, serving as a reductant to reduce the peroxide intermediate to the 
hydroxyl product, was then added. Lastly, a concentrated solution of aqueous 
sodium hydroxide was added to initiate the reaction and the reaction mixture 
was stirred under an oxygen atmosphere. The procedure is simple and can be 
conducted on the bench-top, circumventing the problem of handling air- and 
                                                          






moisture-sensitive reagents. This makes the procedure useful for large scale 
synthesis, or when Schlenk lines or gloveboxes are absent.  
When we screened conventional Cinchona alkaloid-based cationic phase-
transfer catalysts, we found that they gave disappointing results (Table 2.1). 
The yield of the desired product was low, with large amount of starting 
material remaining, and the enantiomeric ratio (er) of the desired product was 
also poor. This prompted us to search for other catalysts in the hope of 
improving this reaction. 
Table 2.1 Screening of catalysts for the α-hydroxylation reactiona, b, c 
 
a
 General Conditions: 2-1a (0.1 mmol), PTC (5 mol%), P(OEt)3 (0.1 mmol), 50% aq. 
NaOH (0.25 mL), PhMe (0.1 M) at room temp. 
b
 Isolated yield. 
c
 Determined by 
HPLC analysis on a chiral stationary phase. 
d
 Conversion of the starting material was 




Dimeric Cinchona alkaloid scaffolds have already proven to be excellent 
ligands such as in the Sharpless dihydroxylation reaction, and as catalysts in 
base-catalyzed reactions.
16
 So we thought that a dimeric PTC might be a good 
catalyst for the α-hydroxylation reaction. When we looked into the literature, 
we found that Cinchona alkaloid-based dimeric PTCs have already been 
reported, primarily by the group of Park and Jew.
17
 Their dimeric catalysts can 
be easily synthesized in one step in high yields and can be subjected to further 
functionalizations (scheme 2.5).  
 
Scheme 2.5 Synthetic route to Park and Jew’s dimeric phase-transfer catalysts 
 
Hence we synthesized the meta-substituted dimeric catalyst 2-D according 
to the reported procedure using commercially available Cinchonine and ,’-
dibromo-m-xylene. When we subjected the catalyst to the α-hydroxylation 
reaction, we were delighted to find that the hydroxylation reaction can now be 
completed within 24 hours, with the complete consumption of starting 
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material, to give the α-hydroxy ketone product with very good enantiomeric 
ratio (table 2.1, entry 4). We then tested the para-substituted dimeric catalyst 
as well as the O-allylated meta-substituted dimer, but they proved to be less 
efficient catalysts as the conversion of starting material was again low and 
products have poor enantioselectivity (table 2.1, entries 5 and 6). Thus PTC 2-
D was chosen as the catalyst with which to carry out further optimizations. It 
is noteworthy that allylating the two 9-OH groups on the cinchona alkaloid led 
to almost racemic product in low yield (table 2.1, entry 6). This implies that 
the free –OH groups are essential for reactivity as well as enantioselectivity. 
This can possibly be attributed to the ability to form hydrogen-bonding with 




The origin of stereoselectivity in reactions catalysed by Cinchona-derived 
quaternary ammonium salts is generally considered to be due to steric 
screening around the bridgehead nitrogen. The spatial arrangement of the 
bulky groups around the nitrogen atom can be visualized to have a tetrahedral 
arrangement (Figure 2.2).  
 
Figure 2.2 Origin of stereoselectivity of Cinchona-derived quaternary 





As shown in Figure 2.2, the catalyst needs to have 3 faces of the imaginary 
tetrahedron efficiently blocked (F1 to F3). This leaves only one direction of 
approach (F4) for the enolate, so as to impart stereoselectivity. 
With regards to dimeric PTCs such as 2-D, a probable structure of a similar 
catalyst (Cinchonidine instead of Cinchonine in 2-D) has been reported, which 




Figure 2.3 Probable structure of catalyst similar to PTC 2-D (Reproduced 
from ref. 18a with permission) 
 
The catalyst was found to have the two Cinchona alkaloid units in an anti-
relationship to each other. Each unit also has the same conformation and is 
situated in an identical surrounding. This implied that the stereochemical 
outcome will be the same regardless of which ammonium site the enolate 
approaches. The steric bulk around the linker unit is significant and as a result 
the rotation of the phenyl ring in the linker is restricted. This makes the 
catalyst structure rigid, which probably enhanced the stereocontrol of the 
reaction. 
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2.2.2 Competing Reaction Pathways Leading to Low Yield 
Although the α-hydroxylation reaction catalyzed by PTC 2-D led to 
complete consumption of the starting material ketone 2-1a, we found that the 
isolated yield of the desired product 2-2a was only 51% (table 2.1, entry 4). 
While monitoring the reaction progress by thin layer chromatography (TLC), 
we observed the presence of another spot on the TLC plate as the reaction 
progressed, indicating that there was another side product formed during the 
reaction. When we isolated this side product after the reaction and 
characterized it, we identified it to be acetophenone and subsequently when 
we extracted the acidified aqueous layer with organic solvent after reaction 
workup, we were able to isolate benzoic acid. This indicated that cleavage of 
the bond adjacent to the carbonyl group (α-cleavage) was taking place after 
formation of the peroxide intermediate, which is consistent with a previous 
report on this phenomenon.
19
 It is a pathway that is competing with the 
reduction of the peroxide by phosphite which leads to the desired product, 
hence leading to low yields of the desired product (scheme 2.6). Thus we set 
about optimizing the α-hydroxylation reaction to try and minimize the side 
reaction and improve the yield of the desired product.  
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Scheme 2.6 Competing reaction pathways and formation of side products 
during the α-hydroxylation reaction 
 
2.2.3 Further Optimizations 
We first screened the effects of using different solvents, and found that with 
diethyl ether or dichloromethane as the solvent, the yield and enantiomeric 
ratio of the product dropped. We observed the trend that an increase in the 
polarity of the solvent led to a decrease in the yield as well as 















entry solvent time (h) yield (%)b erc 
1 PhH 8 54 93:7 
2 PhMe 24 51 92:8 
3 Et2O 72 43 81:19 
4 CH2Cl2 72 35 60:40 
a 
General Conditions: 1a (0.1 mmol), D (5 mol%), P(OEt)3 (0.1 mmol), 50% aq. 





HPLC analysis on a chiral stationary phase. 
 
When we used benzene as the solvent (table 2.2, entry 1), we found that 
both the yield and enantioselectivity of the product improved slightly. More 
significantly, the rate of the reaction was accelerated as there was complete 
consumption of the starting material within 8 hours of reaction time. 
Next, we assessed the effects of catalyst loading on the hydroxylation 
reaction. Different bases as well as the concentration of those aqueous bases 
















Base time (h) yield (%)b erc 
1 2 mol% 50% aq. NaOH 14 40 86:14 
2 5 mol% 50% aq. NaOH 8 51 92:8 
3 10 mol% 50% aq. NaOH 8 40 93:7 
4 5 mol% 30% aq. NaOH 72 d 35 81:19 
5 5 mol% 10% aq NaOH 48 N.R. N.D. 
6 5 mol% 50% aq. KOH 48 d 30 83:17 
7 5 mol% Cs2CO3 (solid) 48 N.R. N.D. 
8 5 mol% LiOH•H2O (solid) 48 N.R. N.D. 
a 
General Conditions: 2-1a (0.1 mmol), PTC 2-D (x mol%), P(OEt)3 (0.1 mmol), 





Determined by HPLC analysis on a chiral stationary phase. 
d 
Conversion of 
the starting material was not complete but reaction was stopped as there was no 
improvement in conversion. 
 
It was found that increasing the catalyst loading did not improve the 
enantioselectivity and instead caused the yield to decrease (table 2.3, entry 3). 
This is probably due to the more rapid formation of side products when the 
reaction proceeds faster. However, a decrease in the catalyst loading also had 
an adverse effect on the reaction, with both the yield and enantiomeric ratio 




determined to be optimal and gratifyingly this is considered to be a relatively 
low catalyst loading compared to most other organocatalyzed reactions in 
general. 
Subsequently we screened different bases and also the concentration of the 
aqueous base solutions to determine their effects on the α-hydroxylation 
reaction. It was found that a strong base such as sodium hydroxide or 
potassium hydroxide was needed for the reaction to proceed and weaker bases 
such as lithium hydroxide and cesium carbonate were not able to initiate any 
reaction. A high concentration of the base in solution was also needed for 
efficient reaction, as demonstrated by the diminishing reactivity when the 
concentration of the aqueous sodium hydroxide was decreased from 50% w/w 
to 10% w/w (table 2.3, entries 2, 4 and 5). This is consistent with the general 
trend that more concentrated aqueous bases leads to more efficient reactions 
for phase-transfer catalyzed reactions initiated by hydroxide ions.
20
 It is due to 
the fact that as concentration of the base increases, the extent of hydration of 
the hydroxide ion decreases and its basicity increases sharply. Another factor 
that was hypothesized is the water of hydration that surrounds the enolate ion 
formed after deprotonation. When the water content is low, the extent of 
hydration around the enolate anion is decreased and the nucleophilicity of the 
enolate is enhanced, leading to higher reactivity. Since varying the base used 
in the reaction failed to improve either yield or enantioselectivity, we 
continued using 50% aqueous sodium hydroxide as the base while further 
optimizing the reaction.  
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After failing to improve the yield and enantioselectivity of the 
hydroxylation reaction by altering the catalyst loading and base used, we then 
turned our attention to the reductant used in the reaction. Although triethyl 
phosphite was the most commonly used reductant of the peroxide intermediate 
in related works reported previously, there had been no studies on the effects 
that different reductants might have on the α-hydroxylation reaction. We then 
went ahead with the screening of other possible reductants in the hope of 
improving the reaction. 
Before screening other reductants, we first varied the amount of triethyl 
phosphite used in the reaction (table 2.4, entries 1-3). We observed that when 
the amount of phosphite added was reduced to 0.1 equivalents (versus ketone 
2-1a), the enantiomeric ratio of the product improved slightly, but the yield of 
the product decreased drastically to only 10%. This is due to the increased 
formation of side products via α-cleavage of the peroxide intermediate as there 
was lesser amount of triethyl phosphite in the reaction mixture to reduce the 
peroxide to the desired hydroxy-ketone product. When the amount of 
phosphite used was increased to 3.0 equivalents, there was an improvement in 
the yield of the desired product. However, the level of enantioselectivity 
dropped. Overall, a 1:1 ratio of reductant to starting material was found to be 











entry Reductant time (h) yield (%)b erc 
1 P(OEt)3 (0.1 equiv.) 8 10 94:6 
2 P(OEt)3 (0.5 equiv.) 8 23 92:8 
3 P(OEt)3 (3.0 equiv.) 8 58 80:20 
4 P(OiPr)3 (1.0 equiv.) 8 19 88:12 
5 P(OBn)3 (1.0 equiv.) 8 55 87:13 
6 PPh3 (1.0 equiv.) 8 40 88:12 
7 P(n-octyl)3 (1.0 equiv.) 8 71 80:20 
8 P(Cy)3 (1.0 equiv.) 14 28 79:21 
9 DPPE (1.0 equiv.) 8 83 82:18 
10 DPPE (0.5 equiv.) 8 76 93:7 
11 DPPM (0.5 equiv.) 8 53 79:21 
12 DPPP (0.5 equiv.) 8 56 88:12 
13 DPPB (0.5 equiv.) 8 60 91:9 
14 DPPF (0.5 equiv.) 8 15 83:17 
_______________________________________________________________ 
a 
General Conditions: 1a (0.1 mmol), PTC D (5 mol%), reductant (0.05 - 0.3 mmol, as 









We then proceeded to screen other reductants, starting with other tri-alkyl 
phosphites. The use of either tri-isopropyl or tri-benzyl phosphite led to a 
decrease in enantioselectivity (table 2.4, entries 4 and 5), but this showed that 
the reductant does play a role in determining both the yield and enantiomeric 
ratio of the product. We decided to test phosphines as the reductant in the 
reaction, as they have previously been reported to be able to reduce 
hydroperoxides to the corresponding alcohols.
21
 When triphenylphosphine was 
added into the reaction in place of triethyl phosphite, it was observed that the 
desired product can be obtained, although both the yield and enantiomeric 
ratio was lower compared to using triethyl phosphite (table 2.4, entry 6). Use 
of tri-alkyl phosphines led to lower enantioselectivity (table 2.4, entries 7 and 
8) although tri(n-octyl)phosphine was able to give a promising yield of 71%, 
and this prompted us to screen more phosphines.  
Surprisingly, when 1.0 equivalent of bis(diphenylphosphino)ethane (DPPE) 
was used, we were able to obtain a good yield of 83% although the 
enantioselectivity was diminished (table 2.4, entry 9). Based on the trend 
previously observed when varying the equivalence of triethyl phosphite, we 
then reasoned that since a molecule of DPPE contains two phosphine 
functional groups, the addition of one equivalent of DPPE actually introduces 
two equivalents of reductant into the reaction, which might reduce the 
enantioselectivity of the product. Thus the use of 0.5 equivalent of DPPE 
should give the optimal 1:1 substrate to reductant ratio needed. To our delight, 
reducing the amount of DPPE used to 0.5 equivalent indeed led to a significant 
                                                          
21
 a) Hiatt, R.; McColeman, C. Can. J. Chem. 1971, 49, 1712-1715. 
b) Denney, D. B.; Goodyear, W. F.; Goldstein, B. J. Am. Chem. Soc. 1960, 82, 1393-1395. 




improvement in the enantiomeric ratio with a slightly lower yield of 76% 
(table 2.4, entry 10). Other bis-phosphines of varying carbon chain lengths 
were also screened (table 2.4, entries 11-14) but they were not able to surpass 
the results obtained with DPPE and hence it was chosen as the optimal 
reductant for the hydroxylation reaction. 
When the reaction temperature was lowered to 9°C, we were pleased to find 
that the product can still be obtained in 75% isolated yield with a slightly 
improved enantiomeric ratio of 94:6, although a longer reaction time of 16 
hours was need for the reaction to go to completion. 
Scheme 2.7 The α-hydroxylation reaction under optimized conditions 
We further tested the viability of conducting the reaction in air instead of 
under oxygen atmosphere and found that the hydroxy-ketone product can still 








2.3 Substrate Scope of the Phase-Transfer Catalyzed α-
Hydroxylation Reaction 
2.3.1 Substrate Scope of Acyclic Ketones 
With the optimized reaction conditions in hand, we then investigated the 
substrate scope of the α-hydroxylation reaction. 
Scheme 2.8 Substrate scope of the α-hydroxylation reaction a 
 
a
 General Conditions: Ketone 2-1 (0.1 mmol), PTC 2-D (5 mol%), DPPE (0.05 mmol), 
50% aq. NaOH (0.25 mL), PhH (0.1 M) at 9°C. 
b
 Reaction performed with P(OEt)3 
(0.1 mmol) in PhH (0.2 M). 
 
In general, ketones with substituents on the phenyl ring led to a decrease in 




increase in steric bulk also caused the reaction rate to be slower, resulting in 
longer reaction time before the starting material was completely consumed. It 
was observed that when sterically bulkier ethyl or naphthyl groups were 
attached to the α-carbon, the yield of the hydroxy-ketones were higher 
(products 2-2e and 2-2f). This is probably due to the slower rate of α-cleavage 
of the peroxide intermediate due to steric hindrance. 
To further enhance the application of this α-hydroxylation reaction, we 
examined enones as substrates for the reaction. Gratifyingly, the 
corresponding products (2-2g to 2-2i) can be obtained with good 
enantioselectivities although the isolated yields were only modest. During the 
optimization process for the enone substrates, we observed that triethyl 
phosphite was the more ideal reductant for the reaction as compared to DPPE, 
which gave similar yields of the products but with lower enantiomeric ratios. 
A more concentrated reaction mixture was also found to be beneficial for the 
enantioselectivity but at the expense of a lower yield. 
2.3.2 Other Acyclic Ketones Screened 
During the course of reaction optimization, a few other substrates were also 
synthesized and screened (scheme 2.9). It was found that presence of 
substituents on the phenyl ring that is attached to the carbonyl group lead to a 
drop in the enantiomeric ratio of the product as well as the yield (2-2j to 2-2l). 
A substrate with a thiophene moiety in place of phenyl group was also tested 
(2-2o), but the enantioselectivity obtained was only moderate. These 
substrates were not subjected to the final optimized reaction conditions as they 




significantly improved even with the use of DPPE as reductant because the 
effect of DPPE is mainly beneficial to the product yield. 





 General Conditions: Ketone 2-1 (0.1 mmol), PTC 2-D (5 mol%), P(OEt)3 (0.1 
mmol), 50% aq. NaOH (0.25 mL), PhH (0.1 M) at room temp. 
 
2.3.3 Substrate Scope of Cyclic Ketones 
Having completed the screening of acyclic ketone substrates, we were also 
interested in applying the phase-transfer catalyzed α-hydroxylation reaction to 
cyclic ketones. Encouraged by the good results that was obtained with acyclic 
ketones using the dimeric PTC 2-D, we subjected 2-alkyl tetralones to similar 
reaction conditions.  To our delight, we found that the tetralones proved to be 
even better substrates as the 2-hydroxy-2-alkyl tetralone products can be 









General Conditions: Ketone 2-3 (0.1 mmol), PTC 2-D (5 mol%), P(OEt)3 (0.1 
mmol), 50% aq. NaOH (0.25 mL), PhH (0.1 M) at room temp. 
b 
Reaction performed 
in PhH (0.2 M). 
c 
Reaction performed in PhH (0.067 M) and 50% aq. NaOH (0.30 
mL). 
d 
Reaction using PTC 2-D (10 mol%), 50% aq. NaOH (0.30 mL) in PhH (0.067 
M). 
 
After some optimization of the reaction conditions, triethyl phosphite was 
determined to be the optimal reductant for the reaction with cyclic ketones. 
Although different substrates required slightly different catalyst loadings (5-10 
mol%) and reaction concentrations, generally high yields and excellent 




room temperature without the need for cooling. The reactions proceeded 
cleanly and no side products were observed.  
The reaction is able to tolerate various alkyl substituents on the 2-position 
of the tetralone scaffold but substitutions on the aromatic ring resulted in 
decrease of enantiomeric ratios. Substitution at the 6-position (product 2-4h) 
seems to be more detrimental compared to substitution at the 5-position (2-4e). 
We also examined substrates of differing ring sizes, and found that 5-
membered ring indanone substrates can also lead to products with excellent 
enantioselectivity (2-4i and 2-4j). However, reaction of the larger 7-membered 
ring benzosuberone substrate was sluggish, leading to a moderate yield of the 














2.4  Summary 
In conclusion, we have developed a practical method for the asymmetric 
synthesis of both acyclic and cyclic α-hydroxy ketones. The procedure for the 
a-hydroxylation reaction is operationally simple and employs relatively cheap 
and commercially available or easily synthesized reagents and catalyst. The O- 
atom source is the abundant and environmentally benign oxygen gas, thus 
reducing the generation of byproducts in the reaction. The loading of the 
phase-transfer catalyst is also relatively low (typically 5 mol%) as compared 
to other organocatalyzed reactions in general. We also demonstrated that 
variation of the phosphorus-based reductant can have an impact on the yield 
and enantioselectivity of the product and this interesting finding is worthy of 
further investigation to aid in understand the underlying mechanism. To the 
best of our knowledge, this work represents the first successful attempt at the 
α-hydroxylation of acyclic ketones of any sort by phase-transfer catalysis. In 
addition, the excellent results that we obtained with cyclic ketones also signify 
an improvement over previous reports on similar reactions, and the substrate 
scope was also considerably expanded. Given the importance of chiral tertiary 
α-hydroxy ketones in synthesis as well as biological studies, we believe that 








2.5 Experimental Section 
2.5.1 General Information 
Thin layer chromatography (TLC) was performed on Merck pre-coated TLC 
plates (Merck 60 F254), and compounds were visualized with a UV light at 
254nm. Further visualization was achieved by staining with iodine, or 
potassium permanganate solution followed by heating using a heat gun. Flash 
chromatography separations were performed on Merck 60 (0.040-0.063 mm) 




C NMR spectra were recorded on a Bruker 
AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per 
million (ppm), and the residual solvent peak was used as an internal reference: 
proton (chloroform δ 7.26), carbon (chloroform δ 77.0) or tetramethylsilane 
(TMS δ 0.00) was used as a reference. Data are reported as follows: chemical 
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 
multiplet, br = broad), coupling constants (Hz) and integration.  High 
resolution mass spectra (HRMS) were obtained on a Finnigan/MAT 95XL-T 
spectrometer. Optical rotations were recorded on an mrc AP81 automatic 
polarimeter.  Enantiomeric ratios (er) were determined by analysis on an 





 IC and ID columns. 
 
All solvents were purified and dried according to standard methods prior to 
use. Substrate 2-3a was purchased from commercial source and used as 









2.5.2 Synthesis of Substrates 
 
General Procedure A for the synthesis of acyclic substrates (2-1a to 2-1f) 
 
 





To an oven-dried 25 mL Schlenk flask was added Pd(OAc)2 (11.2 mg, 0.05 
mmol), PCy3 (28.0 mg, 0.1 mmol) and NaOtBu (625 mg, 6.5 mmol).The flask 
was then evacuated and backfilled three times with dry nitrogen, after which 
PhMe (5 mL) was added via syringe.  Aryl bromide (5.0 mmol) was then 
added via syringe followed by propiophenone (810mg, 6.0 mmol). The 
reaction flask was then immersed into an oil bath set to 90°C and stirred 
overnight under N2 atmosphere. The reaction was allowed to cool to room 
temperature and water (10 mL) was added to quench the reaction. EtOAc (10 
mL) was added to dilute the reaction mixture and the layers were separated. 
The aqueous layer was extracted with more EtOAc (2 x 15 mL) then the 
combined organic layer was washed with brine and dried over anhydrous 
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Na2SO4. Solvent was removed under reduced pressure and the crude mixture 
was subjected to flash column chromatography on silica gel (eluent: hexanes : 
PhMe = 1:4) to afford the pure product.  







: NaOH (75 mg) was dissolved in water (35 mL) and the solution 
was heated to 60°C in an oil bath. When the temperature reached 60°C, 
benzaldehyde (7.2 mmol) was added with vigorous stirring, followed by the 
phenylacetone (7.0 mmol). The reaction was then stirred at 60°C for 24 h. 
After cooling to room temperature, CH2Cl2 (100 mL) was added to the 
reaction mixture with stirring. The layers were separated and the aqueous layer 
was extracted with additional CH2Cl2 (2 x 30 mL). The combined organic 
layer was washed with brine and dried over anhydrous Na2SO4. Solvent was 
removed under reduced pressure and the crude mixture was subjected to flash 
column chromatography on silica gel to afford the pure product.  
 
Second Step: To an oven-dried 50 mL 2–necked rbf was added KOtBu (247 
mg, 2.2 mmol) and anhydrous THF (5 mL) under an N2 atmosphere. The 
mixture was cooled to 0°C in an ice bath. A solution of the ketone (2.0 mmol) 
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in anhydrous THF (10 mL) was added dropwise with stirring at 0°C. The 
reaction mixture was stirred for a further 20 minutes after addition was 
completed, then methyl iodide (284 mg, 2.0 mmol) was added slowly via 
syringe. The reaction was stirred another 2 h, allowing the temperature to 
gradually warm to room temperature. Then water (5 mL) was added to quench 
the reaction, followed by EtOAc (10 mL). The layers were separated and 
aqueous layer was extracted with more EtOAc (2 x 15 mL). Combined organic 
layer was washed with brine and dried over anhydrous Na2SO4. Solvent was 
removed under reduced pressure and the crude mixture was purified by flash 
column chromatography on silica gel to afford the pure product.  
General Procedure C for the synthesis of cyclic substrates (2-3b to 2-3k) 
 
 
The enamines were synthesized using a reported procedure
25
:  
Under an N2 atmosphere, ketone (4.0 mmol) was dissolved in Et2O (20 mL) 
and then a solution of pyrrolidine (2.1 mL, 24 mmol) in Et2O (4 mL) was 
added and the mixture was cooled to 0°C in an ice bath. TiCl4 (2.0 mL of a 
1.0M solution in PhMe, 2.0 mmol) was added dropwise at 0°C and the 
reaction was stirred for 15 minutes. The precipitate that formed was filtered 
off and the solvent as well as excess pyrrolidine was removed under reduced 
pressure to yield the enamine that was used without further purification. It was 
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dissolved in MeCN (20 mL) and the alkyl bromide (16 mmol) was added. The 
reaction was heated at reflux for 2 days under an N2 atmosphere, after which 
water (3 mL) was added and the mixture was refluxed for a further 2 h. After 
cooling to room temperature, the solvent was removed in vacuo and the 
residue was redissolved in EtOAc (50 mL) and washed with water (15 mL) 
and then brine. Organic layer was dried over anhydrous Na2SO4 and the 
solvents removed in vacuo. The crude mixture was subjected to flash column 
chromatography on silica gel to afford the pure product.  
2.5.3 Procedures for the Enantioselective α-Hydroxylation of Ketones 
 
α-Hydroxylation of acyclic ketones 
 
 
To a 10 mL Schlenk tube was added catalyst D (4.3 mg, 5 mol%), 1,2-
bis(diphenylphosphino) ethane (DPPE) (20 mg, 0.05 mmol) and 1 (0.1 mmol). 
Then 1.0 mL of PhH was added and the mixture was stirred to dissolve the 
solids. The Schlenk tube was then placed into a low-temperature bath set to 
9°C. After cooling for 10 minutes, 0.25 mL of 50% aq. NaOH was added with 
vigorous stirring. The Schlenk tube was sealed with a rubber septum and a 
long needle was pierced through the septum. A balloon of oxygen was then 
attached and the reaction mixture was briefly aerated by opening the stopcock 
of the Schlenk tube to allow bubbling of oxygen through the reaction mixture. 




time. The reaction was quenched by the addition of water (5 mL) and diluted 
with EtOAc (5 mL). The layers were separated and aqueous layer was 
extracted with more EtOAc (2 x 5 mL). Combined organic layer was washed 
with brine and dried over anhydrous Na2SO4. Solvent was removed under 
reduced pressure and the crude mixture was purified by flash column 
chromatography on silica gel to afford the pure product.  
 
Isolation and identification of the side products in the α-hydroxylation 
reaction: 
 
The reaction was carried out as per the general procedure for α-hydroxylation 
except that it was run at room temperature. Reaction workup was done in the 
same manner to isolate the organic compounds, and subsequently the aqueous 
layer was acidified to pH 1 by the addition of 2M aq. HCl. It was then 
extracted with CH2Cl2 (2 x 10 mL). Drying of that organic layer with 
anhydrous Na2SO4 and removal of solvent in vacuo yielded a white solid 
which was identified as benzoic acid by NMR in comparison with a 
commercial sample. Column chromatography of the crude organic extracts 
yielded the desired product as well as a white solid which was identified as 4-








α-Hydroxylation of cyclic ketones 
 
 
To a 5 mL Schlenk tube was added catalyst D (4.3 mg, 5 mol%) and 3 (0.1 
mmol). Then 1.0 mL of PhH was added, followed by P(OEt)3 (16.7 μL, 0.1 
mmol). The mixture was stirred to dissolve the solids, after 0.25 mL of 50% 
aq. NaOH was added with vigorous stirring. The Schlenk tube was sealed with 
a rubber septum and a long needle was pierced through the septum. A balloon 
of oxygen was then attached and the reaction mixture was briefly aerated by 
opening the stopcock of the Schlenk tube to allow bubbling of oxygen through 
the reaction mixture. Stopcock was then closed and the reaction was stirred at 
ambient temperature for the required time. The reaction was quenched by the 
addition of water (2 mL) and diluted with EtOAc (3 mL). The layers were 
separated and aqueous layer was extracted with more EtOAc (2 x 5 mL). 
Combined organic layer was washed with brine and dried over anhydrous 
Na2SO4. Solvent was removed under reduced pressure and the crude mixture 










2.5.3 Analytical Data of α-Hydroxylation Products 
 
(S)-2-hydroxy-1,2-diphenylpropan-1-one (2-2a) 
Yellow solid, 75% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 
7.68 (dd,  J = 8.0, 1.0 Hz, 2H), 7.47 - 7.44 (m, 3H), 7.40 – 
7.37 (m, 2H), 7.34 – 7.28 (m, 3H), 4.74 (br-s, 1H), 1.90 (s, 
3H). 
13
C NMR (125 MHz, CDCl3): δ 202.0, 142.4, 133.5, 
133.0, 130.2, 129.0, 128.3, 128.2, 126.0, 79.1, 26.0. 
HRMS (ESI): m/z calcd. for C15H14NaO2, [M+Na]
+
 : 
249.0886, found: 249.0878. 
Optical Rotation: [α]D
22




 -129° (c 
1.62, EtOH) for 63% ee (S-config). The absolute configuration of 2a was 
assigned by comparing its specific rotation with that of the same compound 
reported in the literature. (HPLC conditions: CHIRALPAK
®
 IC column, 
eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 mL/min, wavelength = 254 
nm, tR = 10.606 min for minor isomer, tR = 11.198 min for major isomer).  
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Yellow solid, 77% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 
7.69 (dd,  J = 8.0, 1.0 Hz, 2H), 7.47 - 7.43 (m, 1H), 7.34 
– 7.28 (m, 4H), 7.19 (d, J = 8.5 Hz, 2H), 4.73 (br-s, 1H), 
2.35 (s, 3H), 1.88 (s, 3H). 
13
C NMR (125 MHz, CDCl3): 
δ 202.2, 139.5, 138.0, 133.5, 132.9, 130.2, 129.6, 128.2, 
125.8, 78.8, 25.9, 21.1. HRMS (ESI): m/z calcd. for 
C16H16NaO2, [M+Na]
+
 : 263.1043, found: 263.1037. 
Optical Rotation: [α]D
20
 +52.6° (c 0.20, CHCl3). 85:15 er. The absolute 
configuration of 2b was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 14.221 min for minor isomer, tR = 15.047 












Pale yellow solid, 48% yield. 
1
H NMR (500 MHz, 
CDCl3 ): δ 7.69 (d,  J = 7.5 Hz, 2H), 7.46 (t, J = 7.5 Hz, 
1H), 7.32 - 7.24 (m, 5H), 7.14 (d J = 6.0 Hz, 1H) , 4.71 
(br-s, 1H), 2.34 (s, 3H), 1.88 (s, 3H). 
13
C NMR (125 
MHz, CDCl3): δ 202.1, 142.3, 138.7, 133.5, 132.9, 130.2, 
129.0, 128.8, 128.2, 126.6, 122.8, 19.0, 26.0, 21.5. 
HRMS (ESI): m/z calcd. for C16H16NaO2, [M+Na]
+
 : 
263.1043, found: 263.1036. 
Optical Rotation: [α]D
23
 +81.2° (c 0.10, CHCl3). 86:14 er. The absolute 
configuration of 2c was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 12.210 min for minor isomer, tR = 13.417 










Yellow solid, 62% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 
7.67 (dd,  J = 8.0, 1.0 Hz, 2H), 7.49 - 7.41 (m, 3H), 7.33 
– 7.30 (m, 2H), 7.10 -7.05 (m, 2H), 4.75 (br-s, 1H), 1.89 
(s, 3H).  
13
C NMR (125 MHz, CDCl3): δ 201.7, 163.5, 
161.5, 138.4, 138.3, 133.2, 133.1, 130.2, 128.3, 127.9, 
127.8, 115.9, 115.8, 78.6, 26.2. HRMS (ESI): m/z calcd. 
for C15H13NaO2F, [M+Na]
+
 : 267.0792, found: 267.0787. 
Optical Rotation: [α]D
22
 +42.5° (c 0.10, CHCl3). 88:12 er. The absolute 
configuration of 2d was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 9.241 min for minor isomer, tR = 10.072 











Pale yellow solid, 90% yield. 
1
H NMR (500 MHz, 
CDCl3 ): δ 7.96 (d,  J = 7.0 Hz, 2H), 7.88 (d,  J = 8.5 Hz, 
1H), 7.81 (dd,  J = 6.5, 2.5 Hz, 1H), 7.66 (d,  J = 7.5 Hz, 
1H), 7.57 (t,  J = 8.0 Hz, 1H), 7.40 - 7.34 (m, 3H), 7.16 (t,  
J = 8.0 Hz, 2H), 5.03 (br-s, 1H), 2.06 (s, 3H).  
13
C NMR 
(125 MHz, CDCl3): δ 204.2, 137.4, 134.5, 133.33, 133.30, 
131.6, 129.9, 129.6, 128.8, 128.2, 126.6, 125.7, 125.0, 
124.7, 79.7, 28.6. HRMS (ESI): m/z calcd. for 
C19H16NaO2, [M+Na]
+
 : 299.1043, found: 299.1053. 
Optical Rotation: [α]D
23
 +97.8° (c 0.20, CHCl3). 87:13 er. The absolute 
configuration of 2e was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 20.153 min for major isomer, tR = 25.560 










Pale yellow solid, 85% yield. 
1
H NMR (500 MHz, 
CDCl3 ): δ 7.65 (dd,  J = 8.5, 1.0 Hz, 2H), 7.47 - 7.44 (m, 
3H), 7.38 (t, J = 7.5 Hz, 2H), 7.33 -7.28 (m, 3H), 4.71 
(br-s, 1H), 2.40 (q,  J = 7.5 Hz, 2H), 0.85 (t, J = 7.5 Hz, 
3H).  
13
C NMR (125 MHz, CDCl3): δ 202.1, 142.1, 134.2, 
132.9, 129.8, 128.9, 128.3, 128.1, 126.2, 81.9, 30.5, 7.4. 
HRMS (ESI): m/z calcd. for C16H16NaO2, [M+Na]
+
 : 
263.1043, found: 263.1037. 
Optical Rotation: [α]D
22
 +30.1° (c 0.10, CHCl3). 83:17 er. The absolute 
configuration of 2f was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 ID column, eluent: n-hexane/i-PrOH = 99:1, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 14.603min for minor isomer, tR = 18.481 










Yellow solid, 62% yield. 
1
H NMR (500 MHz, 
CDCl3 ): δ 7.79 (d,  J = 16.0 Hz, 1H), 7.51 - 7.46 (m, 
4H), 7.41 – 7.30 (m, 6H), 6.80 (d,  J = 16.0 Hz, 1H), 
4.75 (br-s, 1H), 1.85 (s, 3H).  
13
C NMR (125 MHz, 
CDCl3): δ 199.7, 145.4, 141.4, 134.1, 130.9, 128.9, 
128.7, 128.6, 128.1, 126.3, 119.0, 79.0, 24.2. HRMS 
(ESI): m/z calcd. for C17H16NaO2, [M+Na]
+
 : 
275.1043, found: 275.1044. 
Optical Rotation: [α]D
25
 -38.6° (c 0.10, CHCl3). 91:9 er. The absolute 
configuration of 2g was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 15.572 min for minor isomer, tR = 17.798 










Yellow solid, 47% yield. 
1
H NMR (500 MHz, 
CDCl3 ): δ 7.78 (d,  J = 16.0 Hz, 1H), 7.48 - 7.46 
(m, 2H), 7.41 – 7.33 (m, 5H), 6.91 (d,  J = 9.0 Hz, 
1H), 6.78 (d,  J = 16.0 Hz, 1H), 4.72 (br-s, 1H), 
3.80 (s, 3H), 1.82 (s, 3H).  
13
C NMR (125 MHz, 
CDCl3): δ 199.8, 159.4, 145.2, 134.2, 133.4, 130.9, 
128.9, 128.6, 127.6, 119.1, 114.1, 78.5, 55.3, 24.2. 
Optical Rotation: [α]D
22
 -39.0° (c 0.10, CHCl3). 86:14 er. The absolute 
configuration of 2h was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 35.025 min for major isomer, tR = 36.928 
min for minor isomer). HRMS (ESI): m/z calcd. for C18H18NaO3, [M+Na]
+
 : 










Yellow solid, 49% yield. 
1
H NMR (500 MHz, 
CDCl3 ): δ 7.76 (d,  J = 15.5 Hz, 1H), 7.50 (d,  J = 
7.5 Hz, 2H), 7.39 (t,  J = 7.5 Hz, 2H), 7.33 - 7.19 (m, 
5H), 6.78 (d,  J = 15.5 Hz, 1H), 4.78 (br-s, 1H), 2.34 
(s, 3H), 1.85 (s, 3H).  
13
C NMR (125 MHz, CDCl3): 
δ 199.7, 145.7, 141.5, 138.6, 134.1, 131.9, 129.2, 
128.80, 128.77, 128.1, 126.3, 125.9, 118.8, 79.0, 
24.2, 21.3. HRMS (ESI): m/z calcd. for C18H18NaO2, 
[M+Na]
+
 : 289.1199, found: 289.1206. 
Optical Rotation: [α]D
21
 -35.4° (c 0.10, CHCl3). 89:11 er. The absolute 
configuration of 2i was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 19.855 min for minor isomer, tR = 24.017 









(S)- 2-hydroxy-2-methyl-1-tetralone (2-4a) 
Yellow oil, 98% yield. 
1
H NMR (500 MHz, CDCl3): 8.03 (d, 
J = 7.5 Hz, 1 H), 7.52 (dt, J = 7.5 Hz, 1 H), 7.34 (t, J = 7.5 
Hz, 1 H), 7.26 (d, J = 7.5 Hz, 1 H), 3.85 (s, 1 H), 3.14 – 3.00 
(m, 2 H), 2.29 – 2.19 (m, 2 H), 1.40 (s, 3 H). 13C NMR (125 
MHz, CDCl3): δ 201.8, 143.4, 134.1, 129.9, 129.0, 128.0, 
126.9, 73.6, 35.9, 26.8, 23.9. HRMS (ESI): m/z calcd. for 
C11H12NaO2, [M+Na]
+
 : 199.0730, found: 199.0726.  
Optical Rotation: [α]D
23
 -11.5° (c 0.10, CHCl3). 99:1 er; Lit.
27
 [α]D +17.3° (c 
2.00, CHCl3) for 95% ee (R-config). The absolute configuration of 4a was 
assigned by comparing its specific rotation with that of the same compound 




 OD-H column, 
eluent: n-hexane/i-PrOH = 99.5:0.5, flow rate = 0.8 mL/min, wavelength = 
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(S)- 2-hydroxy-2-ethyl-1-tetralone (2-4b) 
Yellow oil, 78% yield. 
1
H NMR (500 MHz, CDCl3): δ 8.01 
(dd, J = 7.5, 1.0 Hz, 1H), 7.51 (dt, J = 7.5, 1.0 Hz, 1H), 7.34 
(t, J = 7.5 Hz, 1H), 7.25 (d, J = 7.5 Hz, 1H), 3.80 (s, 1H), 
3.09 - 3.00 (m, 2H) 2.34 (ddd, J = 13.5, 5.0, 2.0 Hz, 1H,), 
2.16 (dt, J = 13.5, 6.0 Hz, 1H), 1.73 – 1.62 (m, 2H), 0.93 (t,  
J = 7.5 Hz, 3H) . 
13
C NMR (125 MHz, CDCl3): δ 201.9, 
143.4, 133.9, 130.2, 129.0, 127.9, 126.8, 75.8, 33.5, 28.3, 
26.5, 7.2. HRMS (ESI): m/z calcd. for C12H14NaO2, 
[M+Na]
+
 : 213.0886, found: 213.0887.  
Optical Rotation: [α]D
25





(c 0.67, CHCl3) for 72% ee.  The absolute configuration of 4b was assigned by 
comparing its specific rotation with that of the same compound reported in the 
literature. (HPLC conditions: CHIRALPAK
®
 IC column, eluent: n-hexane/i-
PrOH = 99:1, flow rate = 1.0 mL/min, wavelength = 254 nm, tR = 17.437 min 










Yellow oil, 95% yield. 
1
H NMR (500 MHz, CHCl3): δ 
8.01 (dd, J = 8.0, 1.0 Hz, 1H), 7.53 (dt, J = 7.5, 1.0 Hz, 
1H), 7.34 (t, J = 7.5 Hz,, 1H), 7.26 (t, J = 7.5 Hz, 1H), 
5.95 - 5.86 (m, 1H), 5.13 (dd, J = 20.0, 10.0 Hz, 2H), 
3.81 (br-s, 1H), 3.14 – 2.96 (m, 2H), 2.46 – 2.33 (m, 
3H), 2.16 (dt, J = 15.0, 5.0 Hz, 1H) .
 13
C NMR (125 
MHz, CDCl3): δ 201.0, 143.4, 134.1, 132.1, 130.1, 
129.0, 128.0, 126.9, 119.1, 75.3, 40.3, 33.5, 26.1. 
HRMS (ESI): m/z calcd. for C13H14NaO2, [M+Na]
+
 : 
225.0886, found: 225.0882. 
Optical Rotation: [α] D
24
 -11.2° (c 0.10, CHCl3). 96:4 er. The absolute 
configuration of 4c was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 14.282 min for major isomer, tR = 17.410 









Yellow oil, 96% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 
7.96 (dd, J = 7.5, 1.0 Hz, 1H), 7.50 (dt, J = 7.5, 1.5 Hz, 
1H), 7.33 (t, J = 7.5 Hz, 1H), 7.24 (d, J = 7.5 Hz, 1H), 
3.76 (br-s, 1H), 3.13 – 3.06 (m, 1H), 2.99 – 2.94 (m, 
1H), 2.45 – 2.43 (m, 1H), 2.11 – 1.98 (m, 2H), 1.07 (d, 
J = 7.0 Hz, 3H), 0.72 (d, J = 7.0 Hz, 3H). 
13
C NMR 
(125 MHz, CDCl3): δ 202.7, 143.4, 133.8, 130.8, 128.9, 
127.8, 126.8, 77.4, 32.6, 29.4, 26.2, 16.2, 16.0. HRMS 
(ESI): m/z calcd. for C13H16NaO2, [M+Na]
+




 -44.3° (c 0.20, CHCl3) for 96:4 er. The absolute 
configuration of 4d was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 0.8 
mL/min, wavelength = 254 nm, tR = 18.146 min for major isomer, tR = 19.167 








(S)- 2-hydroxy-2-methyl-5-bromo-1-tetralone (2-4e) 
Yellow oil, 86% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 8.00 
(d, J = 8.0 Hz, 1H), 7.79 (dd, J = 8.0, 1.0 Hz, 1H), 7.23 (d, J 
= 7.5 Hz, 1H), 3.77 (br-s, 1H), 3.21 – 3.16 (m, 1H), 2.94 – 
2.87 (m, 1H), 2.34 – 2.30 (m, 1H), 2.22 – 2.15 (m, 1H), 1.38 
(s, 3H). 
13
C NMR (125 MHz, CDCl3): δ 200.9, 142.3, 137.9, 
131.9, 128.1, 127.3, 124.9, 72.9, 34.9, 27.8, 23.7. HRMS 
(ESI): m/z calcd. for C11H11BrNaO2, [M+Na]
+




 -4.9 (c 0.20, CHCl3) for 94:6 er. The absolute 
configuration of 4e was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 95:5, flow rate = 0.5 
mL/min, wavelength = 254 nm, tR = 26.150 min for major isomer, tR = 27.334 










Yellow oil, 67% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 
8.03 (dd, J = 8.0, 1.5 Hz, 1H), 7.54 (dt, J = 7.5, 1.5 Hz, 
1H), 7.36 (t, J = 7.5 Hz, 1H), 7.27 (d, J = 7.5 Hz, 1H), 
4.97 (s, 1H), 3.13 – 3.02 (m, 1H), 2.65 – 2.52 (m, 3H), 
2.27 – 2.21 (m, 1H), 2.12 (t, J = 3.0 Hz, 1H). 13C NMR 
(125 MHz, CDCl3): δ 199.4, 143.3, 134.4, 129.7, 129.1, 
128.2, 127.1, 78.3, 74.2, 72.0, 33.3, 27.3, 26.2. HRMS 
(ESI): m/z calcd. for C13H12NaO2, [M+Na]
+




 -37.0° (c 0.10, CHCl3). 93:7 er. The absolute 
configuration of 4f was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 42.337 min for major isomer, tR = 49.616 









Pale yellow solid, 82% yield. 1H NMR (500 MHz, 
CDCl3): δ 8.02 (dd, J = 7.5, 1.0 Hz, 1H), 7.56 (dt, J = 
7.5, 1.5 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 7.32 – 7.23 
(m, 4H), 7.15 (dd, J = 7.5, 1.5 Hz, 2H), 3.78 (br-s, 1H), 
3.30 – 3.20 (m, 1H), 3.07 – 3.02 (m, 1H), 2.96 (q, J = 
14.0 Hz, 2H), 2.30 – 2.16 (m, 2H). 13C NMR (125 
MHz, CDCl3): δ 200.9, 143.2, 135.3, 134.1, 130.4, 
130.3, 129.1, 128.0, 127.0, 126.8, 76.0, 41.9, 33.8, 
26.3. HRMS (ESI): m/z calcd. for C17H16NaO2, 
[M+Na]
+
 : 275.1043, found: 275.1042. 
Optical Rotation: [α]D
25
 +19.8° (c 0.20, CHCl3). 97:3 er. The absolute 
configuration of 4g was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 18.587 min for major isomer, tR = 22.031 










(S)- 2-hydroxy-2-methyl-6-methoxy-1-tetralone (2-4h) 
Pale yellow solid, 94% yield. 
1
H NMR (500 MHz, 
CDCl3 ): δ 8.00 (d, J = 9.0 Hz, 1H), 6.86 (dd, J = 8.5, 
2.5 Hz, 1H), 6.69 (s, 1H), 3.86 (s, 3H), 3.10 – 3.03 (m, 
1H), 2.98 – 2.94 (m, 1H), 2.25 – 2.16 (m, 2H), 1.38 (s, 
3H). 
13
C NMR (125 MHz, CDCl3): δ 200.4, 164.2, 
146.0, 130.4, 123.3, 113.7, 112.7, 73.3, 55.5, 35.9, 27.2, 
24.2. HRMS (ESI): m/z calcd. for C12H14NaO3, 
[M+Na]
+
 : 229.0835, found: 229.0829. 
Optical Rotation: [α] D
26
 -30.0° (c 0.10, CHCl3). 87:13 er. The absolute 
configuration of 4h was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 95:5, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 32.189 min for major isomer, tR = 37.295 










Pale yellow solid, 98% yield. 
1
H NMR (500 MHz, CDCl3 ): 
δ 7.78 (d, J = 7.5 Hz, 1H), 7.63 (dt, J = 7.5, 1.5 Hz, 1H), 
7.45 – 7.39 (m, 2H), 3.27 (d, J = 16.5 Hz, 1H) 3.21 (d, J = 
16.5 Hz, 1H), 2.67 (br-s, 1H), 1.44 (s, 3H). 
13
C NMR (125 
MHz, CDCl3): δ 208.0, 151.2, 135.9, 133.5, 127.9, 126.8, 
125.0, 77.5, 42.2, 25.7. HRMS (ESI): m/z calcd. for 
C10H10NaO2, [M+Na]
+
 : 185.0573, found: 185.0579. 
Optical Rotation: [α]D
25
 -43.2° (c 0.10, CHCl3). 97:3 er. The absolute 
configuration of 4i was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 95:5, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 20.950 min for minor isomer, tR = 26.918 











Yellow oil, 21% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.77 
(d,  J = 8.0 Hz, 1H), 7.63 (dt, J = 7.5, 1.0 Hz, 1H), 7.44 (d, J 
= 7.5 Hz, 1H), 7.40 (t, J = 7.5 Hz, 1H), 3.28 (d, J = 17.0 Hz, 
1H),  3.15 (d, J = 17.0 Hz, 1H), 1.77 – 1.68 (m, 2H),  0.93 (t, 
J = 7.5 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 208.1, 
151.6, 135.8, 134.3, 127.8, 126.6, 124.6, 80.2, 39.7, 31.6, 
7.8. HRMS (ESI): m/z calcd. for C11H12NaO2, [M+Na]
+
 : 
199.0730, found: 199.0723. 
Optical Rotation: [α]D
24
 -25.8° (c 0.034, CHCl3). 95:5 er. The absolute 
configuration of 4j was assigned by analogy. (HPLC conditions: 
CHIRALPAK
®
 IC column, eluent: n-hexane/i-PrOH = 95:5, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 17.387 min for major isomer, tR = 20.173 










Yellow oil, 50% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.39 
7.36 (m, 2H), 7.27 (t, J = 7.5 Hz, 1H), 7.16 (d, J = 7.5 Hz, 
1H), 4.26 (br-s, 1H), 2.91 – 2.82 (m, 2H),  2.17 – 2.13 (m, 
1H), 2.05 – 1.89 (m, 3H),  1.26 (s, 3H). 13C NMR (125 
MHz, CDCl3): δ 211.2, 138.8, 137.9, 131.6, 129.7, 128.7, 
126.7, 78.8, 41.8, 36.3, 25.9, 24.8. HRMS (ESI): m/z calcd. 
for C12H14NaO2, [M+Na]
+
 : 213.0886, found: 213.0893. 
Optical Rotation: [α]D
22
 +13.4° (c 0.05, CHCl3). 85:15 er. (HPLC conditions: 
CHIRALPAK
®
 ID column, eluent: n-hexane/i-PrOH = 98:2, flow rate = 1.0 
mL/min, wavelength = 254 nm, tR = 18.046 min for minor isomer, tR = 26.421 






























Asymmetric Epoxidation of Nitroalkenes  





3.1 Introduction  
Optically active epoxides are common motifs found in biologically active 
compounds (Figure 3.1). 1  More importantly, they are highly useful 
intermediates in organic synthesis. Thus methodology development for the 
asymmetric synthesis of chiral epoxides is a highly active area of research 
within the synthetic chemistry community.2 
 
Figure 3.1 Biologically active natural products and drugs containing a chiral 
epoxide motif 
 
The field of catalytic asymmetric epoxidation was pioneered by Sharpless 
when he and co-workers reported the enantioselective epoxidation of allylic 
alcohols using titanium tartrate catalysts.3  This was followed up by works 
from the groups of Jacobsen4 and Katsuki5 on the asymmetric epoxidation of 
isolated alkenes using manganese-salen complexes (Scheme 3.1). 
Subsequently, many other combinations of different metals and ligands that 
yielded good results were reported.2 
 
                                                          
1 a) Crotti, P.; Pineschi, M. in Aziridines and Epoxides in Organic Synthesis, Wiley-VCH, 
Weinheim, 2006, pp. 271 – 313. b) Grüschow, S.; Sherman, D. H. in Aziridines and Epoxides 
in Organic Synthesis, Wiley-VCH, Weinheim, 2006, pp. 349 – 398. 
2
 For a review, see: Xia, Q.-H.; Ge, H.-Q.; Ye, C.-P.; Liu, Z.-M.; Su, K.-X. Chem. Rev. 2005, 
105, 1603-1662. 
3
 Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974-5976. 
4
 Zhang, W.; Leobach, J. L.; Wilson, S. R.; Jacobsen, E. N. J. Am. Chem. Soc. 1990, 112, 
2801-2803. 
5





Scheme 3.1 Classic transition metal-catalyzed asymmetric epoxidation 
reactions 
 
Even before the advent of the organocatalysis concept around the year 
2000, the use of metal-free small molecule catalysts for asymmetric 
epoxidation have already been developed. 6  One of the earliest successful 
examples would be the Juliá-Colonná epoxidation which made use of a 
polypeptide catalyst to achieve high levels of enantioselectivity in the 
epoxidation of electron-deficient α,β-unsaturated ketones.7  This was followed 
by the Shi group’s development of chiral ketone catalysts derived from sugars, 
which was applied to the epoxidation of various olefins8 (Scheme 3.2).  
                                                          
6
 For reviews on asymmetric organocatalytic epoxidation, see: a) Zhu, Y.; Wang, Q.; Cornwall, 
R. G.; Shi, Y. Chem. Rev. 2014, 114, 8199-8256. b) Davis, R. L.; Stiller, J.; Naicker, T.; Jiang, 
H.; Jørgensen, K. A. Angew. Chem. Int. Ed. 2014, 53, 7406-7426. 
7
 Juliá, S.; Masana, J.; Vega, J. C. Angew. Chem. Int. Ed. Engl. 1980, 19, 929-931. 
8
 a) Tu, Y.; Wang, Z.-X.; Shi, Y. J. Am. Chem. Soc. 1996, 118, 9806-9807. b) Shi, Y. Acc. 





Scheme 3.2 Organocatalyzed asymmetric epoxidation 
 
However, the forerunner to the organocatalyzed epoxidation reactions 
mentioned above was Wynberg and co-workers’ report on the phase-transfer 
catalyzed asymmetric epoxidation of chalcone back in 1976.9 A quinine-based 
phase-transfer catalyst was used in tandem with aqueous hydrogen peroxide, 
which acted as the oxidant, to catalyze the epoxidation of chalcones (Scheme 
3.3). The enantioselectivity achieved was modest but it was very much a 
seminal work on asymmetric epoxidation of olefins. 
 
Scheme 3.3 Wynberg’s phase-transfer catalyzed asymmetric epoxidation  
 
Since then, phase-transfer catalyzed asymmetric epoxidation reactions have 
been extensively studied, with various methodologies being reported (see 
                                                          
9 Helder, R.; Hummelen, J. C.; Laane, R. W. P. M.; Wiering, J.S.; Wynberg, H. Tetrahedron 




Chapter 1). But despite numerous works being reported, the substrate scope of 
phase-transfer catalyzed asymmetric epoxidation has so far remained limited 
to α,β-unsaturated carbonyl compounds.6 The only exception to this was a 
recent report on the phase-transfer catalyzed epoxidation of phenyl vinyl 
sulfones by Tymonko and co-workers (Scheme 3.4).10 This lack of substrate 
scope inspired us to explore whether other types of electron-deficient olefins 
could also be used in the asymmetric epoxidation by phase-transfer catalysis. 
 
Scheme 3.4 Tymonko’s work on asymmetric epoxidation of phenyl vinyl 
sulfone 
 
We turned our attention to nitroalkenes, a class of commonly used electron-
deficient alkenes, 11  as possible epoxidation substrates because the nitro-
epoxides generated are useful intermediates that can be further functionalized 
to furnish other products by opening the epoxide ring with other nucleophiles 
(Scheme 3.5).  
 
                                                          
10
 Dorow, R. L.; Tymonko, S. A. Tetrahedron Lett. 2006, 47, 2493-2495. 
11
 a) Roca-Lopez, D.; Sadaba, D.; Delso, I.; Herrera, R. P.;Tejero, T.; Merino, P. Tetrahedron: 
Asymmetry 2010, 21, 2561-2601. b) Roux, C.; Bressy, C. in Comprehensive Enantioselective 
Organocatalysis: Catalysts, Reactions, and Applications, First Edition. Dalko, P. I. ed., 





Scheme 3.5 Ring opening reactions of nitro-epoxides 
 
Recently, Lattanzi and co-workers reported the first enantioselective 
synthesis of β-aryl-α-nitro-epoxides by aminolytic kinetic resolution utilizing 
a cinchona alkaloid-derived thiourea catalyst (Scheme 3.6).12 Enantioenriched 
nitro-epoxides can be obtained in good to excellent er but the yield was 
inherently low. 
 
Scheme 3.6 Aminolytic kinetic resolution of racemic nitro-epoxides 
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Aside from this work, we found that there had been very few reports on the 
enantioselective synthesis of nitro-epoxides in the literature previously.13 This 
further prompted us to try and develop a method for the asymmetric 
epoxidation of nitroalkenes that can furnish enantioenriched nitro-epoxides in 
good yields. 
3.1.1 A Brief Introduction to Bifunctional Phase-Transfer Catalysts 
The concept of simultaneously coordinating and activating two reaction 
partners to bring about high reactivity and enantioselectivity has already been 
proven with great success in organocatalysis. There have been numerous 
reports on this bifunctional activation mode using different catalyst structures 
to achieve excellent yields and enantioselectivity for various reactions.14 On 
closer examination of all these reactions, it can be observed that small 
molecules containing the nitro group are common substrates. Hence we 
wondered if we could apply the concept of bifunctional catalysis to our 
nitroalkene epoxidation reaction so as to improve the enantioselectivity. 
One of the earliest works that demonstrated the bifunctional catalysis 
concept was reported by Takemoto and co-workers in 2003. They reported the 
enantioselective Michael addition of malonate esters to nitroolefins using a 
bifunctional thiourea-tertiary amine catalyst derived from trans-1,2-
diaminocyclohexane (Scheme 3.8).15 High yields and enantioselectivity was 
achieved and was attributed to two hydrogen-bonding interactions in the 
                                                          
13 For a stoichiometric enantioselective epoxidation of disubstituted nitroalkenes, see: Enders, 
D.; Kramps, L.; Zhu, J.  Tetrahedron: Asymmetry, 1998, 9, 3959-3962. 
14 a) Siau, W.-Y.; Wang, J. Catal. Sci. Technol. 2011, 1, 1298–1310. b) Serdyuk, O. V.; 
Heckel, C. M.; Tsogoeva, S. B. Org. Biomol. Chem. 2013, 11, 7051-7071. For reviews on H-
bonding catalysis, see: c) Taylor, M. S.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 
1520-1543. d) Doyle, A. G.; Jacobsen, E. N. Chem. Rev. 2007, 107, 5713-5743. 
15




reaction transition state. The first interaction is between the thiourea moiety 
and the nitro group on the nitroolefin, and the other is the hydrogen-bonding 
between the tertiary amine functionality and the enol form of the malonate.  
Subsequently in 2005, Connon and co-workers reported a similar reaction 
catalyzed by cinchona alkaloid-derived bifunctional catalysts containing 
thiourea or urea moieties.16  The catalyst derived from dihydroquinine and 
containing the 3,5-bis(trifluoromethyl)phenyl thiourea functionality was found 
to give the best results (Scheme 3.8). 
 
Scheme 3.7 Selected examples of bifunctional catalysis using nitroolefins as 
substrates 
 
Similarly using nitroolefins as the substrates, Jacobsen reported the 
enantioselective conjugate addition reaction of this class of compounds to α,α-
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disubstituted aldehydes catalyzed by a bifunctional urea-primary amine 
catalyst. 17  Excellent enantioselectivities and diastereoselectivities could be 
achieved and the proposed catalytic mechanism involves two sets of 
interactions. The first is the hydrogen bonding interaction between the urea 
moiety on the catalyst with the nitro group on the substrate, while the aldehyde 
was activated by formation of a enamine intermediate with the primary amine. 
More recently, the urea/thiourea-based bifunctional catalysis concept have 
also been extended to chiral quaternary ammonium salts. In 2010, Fernandez 
and Lassaletta et al. reported the first thiourea-containing cinchona alkaloid-
based quaternary ammonium salt catalyst for the asymmetric cyanosilylation 
reaction of nitroolefins using trimethylsilyl cyanide (TMSCN)18 (Scheme 3.9).  
 
Scheme 3.8 Asymmetric cyanosilylation catalyzed by a bifunctional 
quaternary ammonium salt 
 
Dixon and co-workers subsequently reported the use of a urea-containing 
quaternary ammonium salt, derived from cinchona alkaloid, as phase-transfer 
catalyst for the nitro-Mannich reaction of α-amido sulfones with nitroalkanes19 
                                                          
17
 Lalonde, M. P.; Chen, Y.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 6366-6370. 
18
 Bernal, P.; Fernández, R.; Lassaletta, J. M. Chem. Eur. J. 2010, 16, 7714-7718. 
19
 Johnson, K. M.; Rattley, M. S.; Sladojevich, F.; Barber, D. M.; Nunez, M. G.; Goldys, A. 




(Scheme 3.10). The products can be obtained in high yields and with good 
levels of enantioselectivity and diastereoselectivity. 
 
Scheme 3.9 Nitro-Mannich reaction catalyzed by cinchona-alkaloid derived 
urea-ammonium PTC 
 
The Zhao group has reported a series of amino acid-derived bifunctional 
thiourea ammonium and phosphonium salts that catalyzed the aza-Henry 
reaction 20  and also the thiol addition to imines 21  in excellent yields and 
enantioselectivities (Scheme 3.11). The catalysts can be easily synthesized in a 
modular fashion which allows for facile modifications to the structure.  
Scheme 3.10 Reactions catalyzed by amino acid-derived bifunctional PTCs 
                                                          
20 Cao, D.; Chai, Z.; Zhang, J.; Ye, Z.; Xiao, H.; Wang, H.; Chen, J.; Wu, X.; Zhao, G. Chem. 
Commun., 2013, 49, 5972-5974. 
21




Waser and co-workers synthesized a library of different urea/thiourea-
containing quaternary ammonium salts based on different chiral scaffolds, 
including trans-1,2-diaminocyclohexane, 1,2-diphenyl ethylenediamine 
(DPEN) and tartaric acid. They screened the library of catalysts for the 
asymmetric α-fluorination of β-ketoesters and found that trans-1,2-
diaminocyclohexane-derived catalysts gave the best results22 (Scheme 3.12). 
 
 
Scheme 3.11 Asymmetric α-fluorination of β-ketoesters catalyzed by 
diaminocyclohexane-derived bifunctional PTCs 
 
Most recently, Maruoka and co-workers reported the asymmetric synthesis 
of 3,3’-diaryloxindoles by a phase-transfer catalyzed SNAr reaction using a 
bifunctional quaternary phosphonium catalyst based on the axially chiral 
binaphthyl scaffold.23 Good to excellent enantioselectivities can be obtained 
along with good yields. They proposed a working model of asymmetric 
induction whereby the enolate of the oxindole is coordinated to the 
phosphonium cation while the nitroarene is hydrogen bonded to the urea 
                                                          
22
 Novacek, J.; Waser, M. Eur. J. Org. Chem. 2014, 802-809. 
23
 Shirakawa, S.; Koga, K.; Tokuda, T.; Yamamoto, K.; Maruoka, K. Angew. Chem. Int. Ed. 




moiety. This organized transition state provided high levels of stereocontrol 
and led to products with high enantiomeric ratios (Scheme 3.13). 
Scheme 3.12 Asymmetric SNAr reaction catalyzed by a chiral binaphthyl-













3.2 Initial Results with Cinchona Alkaloid-Based PTCs 
We chose nitroalkene 3-1 as our model substrate and first tested the 
epoxidation reaction using the dimeric phase-transfer catalyst 2-D (see chapter 
2) (Scheme 3.7). 
 
Scheme 3.13 Phase-transfer catalysed epoxidation of nitroalkene 3-1 
We initially tested two common oxidants for epoxidation reactions and found 
that a 70% aqueous solution of tert-butyl hydroperoxide (TBHP) was superior 
as compared to a 30% aqueous solution of hydrogen peroxide. With TBHP the 
nitroalkene can be fully converted to the epoxide while reaction with hydrogen 
peroxide resulted in low conversion of the starting material and racemic 
product. When the reaction temperature was lowered to -20°C, the product 
afforded slight enantioselectivity, thus we went ahead and screened more 












General Conditions: 3-1 (0.1 mmol), chiral PTC (5 mol%), 70% aq. TBHP (0.10 
mL), 2.0 M aq. NaOH (0.25 mL), PhMe (0.1 M) at room temp. 
b 
er determined by 
HPLC analysis on a chiral stationary phase. 
 
We found that there was complete consumption of the starting material in all 
the reactions to yield the desired nitro-epoxide as the only product. The use of 
dimeric PTCs (3-A to 3-C) afforded the nitro-epoxide with poor 
enantioselectivity. Conventional monomeric cinchona alkaloid-based PTCs 




63:37 (with PTC 3-D). Thus we decided to attempt the nitroalkene epoxidation 
reaction using other PTCs which have a different chiral scaffold. 
Based on previous literature summarized in part 3.1.1, we believed that a 
bifunctional phase-transfer catalyst bearing a urea moiety can possibly 
improve the enantioselectivity of our nitroalkene epoxidation reaction by 
bringing together the nitroalkene and the peroxide in a more organized 
transition state (Figure 3.2). Hence we set about designing and synthesizing a 
series of novel bifunctional phase-transfer catalysts. 
 
Figure 3.2 Proposed interactions of substrates with bifunctional catalysts that 
might improve enantioselectivity of epoxidation reaction 
 
3.3 Synthesis of Novel Bifunctional Phase-Transfer Catalysts 
Based on the Chiral Indane Scaffold 
For the design of new bifunctional phase-transfer catalysts, we chose the 
indane scaffold as the chiral backbone. This is mainly because there have been 
no reports yet on bifunctional PTCs based on the indane scaffold, so we are 
keen to evaluate how it compares with other reported chiral scaffolds. In 
addition, the indane scaffold offers features that are different from other 
existing backbones, such as: (1) a unique C1 symmetrical scaffold which offers 




chiral backbones such as trans-1,2-diaminocyclohexane; (2) The 
functionalities on the two chiral centers can be exchanged, which should result 
in changes to the dihedral angle (Figure 3.3). 
 
Figure 3.3 Proposed designs of indane-based bifunctional PTCs 
3.3.1 Synthesis of Bifunctional Urea-Ammonium PTCs 
The synthesis of thiourea-tertiary amine bifunctional catalysts based on the 
indane scaffold has already been reported by Wang and co-workers.24 Thus we 
decided to modify their synthetic route to obtain our bifunctional catalysts. 
 
Scheme 3.14 Synthetic route to indane-based urea-ammonium PTCs 
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Starting from the commercially available (1S,2R)-(-)-Cis-1-amino-2-
indanol (3-3), the free amino group was first protected with the Boc group. 
Then a Mitsunobu reaction was done to substitute the hydroxyl group with an 
amino group, with an inversion of the stereocenter, to yield 3-5. The free 
amino group was then di-methylated by reductive alkylation to yield 3-6. This 
was followed by deprotection of the Boc group to give 3-7. The free amine 
was then reacted with different aryl isocyanates to yield the urea-amines 3-8. 
The last step was the alkylation of the tertiary amine to give the quaternary 
ammonium salts 3-G to 3-N (Figure 3.4). The reaction steps are mostly high 
yielding and the catalyst structure can be easily modified at the last two steps 
by varying the isocyanates and the benzyl bromides used. In addition, we 
synthesized ammonium salt 3-O which has the two chiral centers in a cis 
configuration instead of being trans to each other. It was synthesized by the 
same route but starting from the trans-1-amino-2-indanol instead. 
 
Figure 3.4 Urea-ammonium PTCs synthesized 
3.3.2 Synthesis of Bifunctional Urea-Phosphonium PTCs 
In addition to the quaternary ammonium salts, we also synthesized a series 
of urea-phosphonium salts (3-P to 3-T) to evaluate their performance in the 
nitroalkene epoxidation reaction after the urea-ammonium salts gave modest 




over 5 reaction steps (Scheme 3.15). A reported procedure was followed for 
the synthesis of amino phosphine 3-10.
25
 The N-Boc amino indanol 3-4 was 
reacted with thionyl chloride, followed by oxidation to yield the cyclic 
sulfamidate 3-9. Potassium diphenylphosphide was used to effect the 
nucleophilic SN2 ring-opening of the cyclic sulfamidate. Hydrolysis and 
subsequent removal of the Boc group yielded the amino phosphine 3-10, 
which has the tendency to oxidize quickly in the presence of oxygen to form 
the phosphine oxide. Thus it was quickly reacted with aryl isocyanates to 
afford the urea-phosphines 3-11 in which the phosphine functionality was 
somewhat less prone to oxidation. The last reaction step involved refluxing the 
urea-phosphine with different benzyl bromides in toluene to provide the 
quaternary phosphonium salts in high yields. 
 
Scheme 3.15 Synthetic route to urea-phosphonium PTCs 
                                                          
25
 Guo, R.; Lu, S.; Chen, X.; Tsang, C.-W.; Jia, W.; Sui-Seng, C.; Amoroso, D.; Abdur-Rashid, 




Because of the success we had in using dimeric cinchona alkaloid-based 
phase-transfer catalyst for the α-hydroxylation reaction previously (see chapter 
2), we became interested in the prospects of synthesizing a dimeric 
bifunctional catalyst. Thus we took the phosphine intermediate 3-IX (R = H) 
and refluxed it with α,α’-dibromo-m-xylene. Gratifyingly, we were able to 
obtain the dimeric catalyst 3-U in quantitative yield after the reaction (Scheme 
3.16). 
 
Scheme 3.16 Synthesis of dimeric urea-phosphonium bifunctional PTC 
3.3.3 Synthesis of Urea-Ammonium PTC with Position of Functionalities 
Interchanged 
Lastly, to evaluate what effects the swapping of the urea and quaternary 
ammonium functionalities will have on the catalyst and the reaction, we 
synthesized catalyst 3-W by a different synthetic route
26
 (Scheme 3.17) from 
that of other ammonium salts 3-G to 3-O.  
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Scheme 3.17 Synthetic route to access bifunctional PTC with functionalities at 
the chiral centers exchanged 
 
The N-protected amino indanol 3-4 was first transformed into the mesylate 
3-12, after which it underwent a SN2 reaction using sodium azide to form 3-13 
with an inversion of the chiral center. The Boc group was then removed and 
the free amine group was di-alkylated by reductive alkylation using aqueous 
formaldehyde and formic acid to yield 3-15. The next step was a Staudinger 
reduction of the azide to yield the free amine which was reacted with 3,5-
bis(trifluoromethyl)phenyl isocyanate to give the urea 3-17. Finally the tertiary 
amine was benzylated to form the quaternary ammonium salt 3-W by stirring 




3.4 Screening of Bifunctional Catalysts for the Nitroalkene 
Epoxidation Reaction 
3.4.1 Screening of Urea-Ammonium PTCs 
With the new bifunctional catalysts in hand, we screened them for the 
nitroalkene epoxidation reaction. We first tested the urea-ammonium PTCs, 
using 5 mol% of catalyst for the reaction (Table 3.2). Gratifyingly, we can 
already see an improvement in the enantiomeric ratios over cinchona alkaloid-
based PTCs when catalyst 3-G was used (from 63:37 to 73:27 er). Catalyst 3-
H which has a 3,5-bis(trifluoromethyl)phenyl urea moiety offered slightly 
higher enantioselectivity than 3-G which has a phenyl urea. Next we tested 
catalysts which has substituted benzyl bromides on the quaternary ammonium 
salts (3-J to 3-M) but they were not able to improve the enantiomeric ratio of 
the epoxide product. The presence of substituents on the benzyl bromide also 
results in slower reactions, with the reaction catalyzed by 3-M, which has a 
pentafluoro-benzyl group, taking 20 hours to complete. PTC 3-N which has a 
sulfonyl urea functionality in the place of the aryl urea found on other 
catalysts was also synthesized and screened. However the reaction was slower 
and the enantiomeric ratio was lower than other catalysts containing the aryl 
urea group. To evaluate the possible effects that relative configuration of the 
two chiral centers on the catalysts might have on the reaction, we synthesized 
catalyst 3-O. The functionalities on 3-O are identical to those on PTC 3-H but 
the two chiral centers are in a cis-configuration instead of being trans to each 
other. Although reaction with 3-O gave the product in excellent yield, the 




that a trans-configuration of the two chiral centers on the catalysts is better for 
enantioselectivity. 




General Conditions: 3-1 (0.1 mmol), chiral PTC (5 mol%), 70% aq. TBHP (0.10 














3.4.2 Screening of Reaction Conditions 
After evaluating the different bifunctional quaternary ammonium salts as 
phase-transfer catalysts, we then tried to optimize the epoxidation reaction by 
varying the reaction parameters. First we screened the reaction solvent, using 
PTC 3-H which gave the highest enantioselectivity.  




entry solvent yield (%)b erc 
1 PhMe 84 77:23 
2 PhH 81 75:25 
3 n-hexane 80 72:28 
4 Et2O 75 74:26 
5 CH2Cl2 79 69:31 
a 
General Conditions: 3-1 (0.1 mmol), 3-H (5 mol%), 70% aq. TBHP (0.10 mL), 2.0 





by HPLC analysis on a chiral stationary phase. 
 
Using different solvents, the reaction can still be complete within one hour 
at room temperature with similar yields for all the solvents tested. We found 
that toluene is still the best solvent as compared to other solvents that were 




comparable results but using n-hexane or dichloromethane resulted in lower 
enantiomeric ratio in the product. 
Next we screened different oxidants that can be used for the epoxidation 
reaction. Cumene hydroperoxide only gave modest enantioselectivity although 
the yield was good. Using a 30% aqueous solution of hydrogen peroxide 
yielded the epoxide in very poor enantiomeric ratio, and similar result was 
obtained when the solid form urea hydrogen peroxide adduct was used. 
Sodium hypochlorite, a commonly used oxidant in epoxidation reactions, was 
then tested but there was no reaction at all and the nitroalkene was recovered. 




entry Oxidant Time (h) yield (%)b erc 
1 70% aq. TBHP 1 84 77:23 
2 Cumene hydroperoxide 1 91 71:29 
3 30% aq. H2O2 2 78 55:45 
4 Urea hydrogen peroxide 2 81 55:45 
5 NaOCl (15% aq. Solution) - N.R. N.D. 
a 
General Conditions: 3-1 (0.1 mmol), 3-H (5 mol%), oxidant (0.7 mmol), 2.0 M aq. 










We also varied the base solution that was used in the reaction, screening 2.0 
M aqueous solutions of different bases. But first we tested a highly 
concentrated 40% aqueous solution of NaOH and found that it diminished 
both the yield as well as the enantiomeric ratio (Table 3.5, entry 2). Generally 
the different bases only affected enantioselectivities slightly but use of 
potassium phosphate gave lower enantiomeric ratio than the other bases (Table 
3.5, entry 6). The use of a weak base such as NaHCO3 resulted in a much 
longer reaction time (72 h) and also lower selectivity. 




entry Base (2.0 M aq. Soln) time (h) yield (%)b erc 
1 NaOH  1 84 77:23 
2 NaOH (40%) 0.5 65 72:28 
3 KOH 1 75 75:25 
4 LiOH•H2O 1 84 76:24 
5 K2CO3 2 80 75:25 
6 K3PO4 1 85 70:30 
7 NaHCO3 72 89 73:27 
a 
General Conditions: 2-1a (0.1 mmol), PTC 3-H (5 mol%), P(OEt)3 (0.1 mmol), 










We then screened the catalyst loading to determine if addition of more 
catalysts is beneficial for the enantioselectivity. However, we found that 
increased catalyst loadings were not able to improve the enantiomeric ratio of 
the product and the er remained virtually the same at higher loadings of 10 and 
20 mol% catalyst, but the isolated yield appeared to be higher. We also found 
that a 2 mol% catalyst loading was sufficient to induce the same levels of 
enantioselectivity as 5 mol% of catalyst or more, although the yield was 
decreased. All reactions can complete within one hour at room temperature 
(22 °C) even with only 2 mol% catalyst.  








temp (°C) time (h) yield (%)b erc 
1 2  22 1 64 76:24 
2 5 22 1 84 77:23 
3 10 22 1 99 76:24 
4 20 22 1 99 77:23 
5 5 0 20 83 79:21 
6 5 -20 40 65 81:19 
a 
General Conditions: 3-1 (0.1 mmol), PTC 3-H (x mol%), 70% aq. TBHP (0.10 mL), 




Determined by HPLC 




Lastly we tried lowering the reaction temperature to 0 °C and also -20 °C. 
When the temperature was lowered, the reaction became slower and required 
one or two days for the nitroalkene to be completely consumed. But the 
enantioselectivity was improved slightly to achieve a 81:19 er when the 
reaction was ran at -20 °C (table 3.6, entry 6).  
3.4.3 Screening of Urea-Phosphonium PTCs 
After screening the urea-ammonium PTCs and achieving modest 
enantioselectivity, a small library of urea-phosphonium catalysts was also 
synthesized (see section 3.4.2). We were keen to assess whether the increased 
steric bulk around the quaternary phosphonium center due to the presence of 
two phenyl groups will have any effect on the epoxidation reaction. 





General Conditions: 3-1 (0.1 mmol), chiral PTC (5 mol%), 70% aq. TBHP (0.10 









When we screened the catalysts, we observed that they gave results 
comparable with the urea-ammonium PTCs. The reactions can be completed 
fairly quickly at ambient temperature to give the epoxide in good yields, and 
the levels of enantioselectivity obtained were also similar.  Catalyst 3-P with 
no substituents on the aromatic rings gave the best enantiomeric ratio among 
the phosphonium salts screened. Catalysts with substituents on the benzyl 
group give slightly lower enantioselectivity (catalysts 3-R and 3-S), and we 
thought that lesser steric bulk around the phosphonium center might be better 
for selectivity. Thus we synthesized catalyst 3-T using methyl iodide in place 
of benzyl bromides and used it for the epoxidation reaction. We found that it 
did perform better than catalysts with substituted benzyl groups but the er 
obtained was still modest (78:22 er).  Next the dimeric catalyst 3-U was 
screened but it was not able to enhance the enantioselectivity and only gave 
results similar to the monomeric catalysts.  
 
Lastly, the catalyst 3-W with the positions of the urea and quaternary 
ammonium functionalities exchanged was tested, but it gave a poorer result 
than the other series of urea-ammonium PTCs. Although the yield was similar 





3.5  Summary 
In summary, the phase-transfer catalyzed asymmetric epoxidation of 
nitroalkenes was attempted. Initial screening of cinchona alkaloid-based PTCs 
gave the epoxide with low enantioselectivity. Thus two series of novel 
bifunctional PTCs based on the chiral indane scaffold were synthesized, 
starting from commercially available starting materials. The catalysts featured 
a urea moiety together with either quaternary ammonium cations or their 
phosphonium counterparts. When these catalysts were screened, they 
performed better than cinchona-based PTCs. However the enantioselectivity 
achieved was only modest. Attempts at optimization by changing the various 
reaction parameters failed to improve the selectivity significantly. But further 













3.6  Experimental Section 
3.6.1 General Information 
Thin layer chromatography (TLC) was performed on Merck pre-coated TLC 
plates (Merck 60 F254), and compounds were visualized with a UV light at 
254nm. Further visualization was achieved by staining with iodine, or 
potassium permanganate solution followed by heating using a heat gun. Flash 
chromatography separations were performed on Merck 60 (0.040-0.063 mm) 




C NMR spectra were recorded on a Bruker 
AMX500 (500 MHz) spectrometer. Chemical shifts were reported in parts per 
million (ppm), and the residual solvent peak was used as an internal reference: 
proton (chloroform δ 7.26), carbon (chloroform δ 77.0) or tetramethylsilane 
(TMS δ 0.00) was used as a reference. Data are reported as follows: chemical 
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 
multiplet, br = broad), coupling constants (Hz) and integration.  High 
resolution mass spectra (HRMS) were obtained on a Finnigan/MAT 95XL-T 
spectrometer. Optical rotations were recorded on an mrc AP81 automatic 
polarimeter.  Enantiomeric ratios (er) were determined by analysis on an 





 IC and ID columns. All solvents were purified and dried 








3.6.2 Synthesis and Characterization of Bifunctional Phase-Transfer 
Catalysts 
 
Synthesis of Urea-Ammonium PTCs 
 
Urea-ammonium PTCs were synthesized according to the synthetic route 
shown above.  
Starting from commercially available 3-3, compounds 3-4 to 3-7 were 




General procedure for the synthesis of 3-8: 
To a solution of 3-7 (1.50 mmol) in anhydrous THF (0.1 M) was added a 
solution of the corresponding aryl isocyanate (1.50 mmol in 3 mL of THF) at 




stirred at r.t for 1 h (monitored by TLC) after which the solvent was removed 
in vacuo. The crude product was then purified by column chromatography on 
silica gel to yield the desired product pure. 
 
General procedure for the synthesis of PTCs 3-G to 3-N: 
3-8 (0.34 mmol) was suspended in MeCN (0.1 M) and the corresponding 
benzyl bromide (0.41 mmol) was added followed by K2CO3. The reaction 
mixture was heated to 60 °C and reaction progress was monitored by TLC. 
Once 3-8 has been fully consumed, the reaction was cooled to room temp. 





White powder, 90% yield. 
1
H NMR (500 MHz, CD3OD ): δ 7.39 (d, J = 7.5 
Hz, 2H), 7.27-7.24 (m, 3H), 7.22-7.18 (m, 3H), 6.99 (t, J = 7.5 Hz, 1H), 5.38 
(d, J = 7.5 Hz, 1H),  3.16 – 3.10 (m, 2H), 2.92 – 2.87 (m, 1H),  2.44 (s, 6H). 
13
C NMR (125 MHz, CD3OD): δ 157.8, 143.8, 140.9, 140.7, 129.8, 129.1, 
128.1, 125.6, 125.0, 123.7, 120.6, 75.5, 58.2, 43.3, 34.5. HRMS (ESI): m/z 
calcd. for C18H22N3O, [M+H]
+








White powder, 91% yield. 
1
H NMR (500 MHz, CD3OD ): δ 8.04 (s, 2H), 7.48 
(s, 1H), 7.24-7.21 (m, 4H), 5.40 (d, J = 7.5 Hz, 1H), 3.19 – 3.11 (m, 2H), 2.94 
– 2.88 (m, 1H),  2.43 (s, 6H). 13C NMR (125 MHz, CD3OD): δ 156.9, 143.4, 
140.8, 133.3 (q, JC-F = 32.9 Hz), 129.2, 128.2, 125.9, 125.7, 124.9, 123.8, 
119.3, 115.7, 75.4, 58.2, 43.2, 34.1. HRMS (ESI): m/z calcd. for C20H20F6N3O, 
[M+H]
+





Beige solid, 90% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 9.02 (s, 1H), 7.59 (d, 
J = 8.5 Hz, 1H), 7.53 (t, J = 6.5 Hz, 4H), 7.43 (t, J = 7.5 Hz, 1H), 7.37 (t, J = 




7.03 (m, 1H), 6.94 (t, J = 7.5 Hz, 1H), 5.89 (t, J = 8.5 Hz, 1H), 4.77-4.70 (m, 
3H), 3.43 – 3.38 (m,1H), 3.34 – 3.29 (m, 1H),  3.04 (s, 6H). 13C NMR (125 
MHz, CDCl3): δ 156.0, 139.4, 139.2, 134.8, 133.4, 131.0, 129.4, 129.1, 128.8, 
128.4, 126.5, 124.6, 124.4, 122.5, 118.9, 80.6, 67.0, 54.8, 48.2, 47.9, 31.7. 
HRMS (ESI): m/z calcd. for C25H28N3O, [M]
+




dimethyl-2,3-dihydro-1H-inden-2-aminium bromide  
Beige solid, 87% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 9.79 (s, 1H), 8.08 (s, 
2H), 7.89-7.85 (m, 1H), 7.43 (t, J = 7.5 Hz, 1H), 7.61-7.59 (m, 2H), 7.50 (d, J 




7.23-7.17 (m, 2H), 
7.11 (d, J = 6.5 Hz, 2H) 6.02-5.94 (m, 1H), 5.04-4.99 (m, 1H), 4.90-4.82 (m, 
2H), 3.60-3.52 (m, 1H), 3.38-3.31 (m, 1H), 3.17 (s, 6H). 
 13
C NMR (125 MHz, 
CDCl3): δ 155.7, 141.1, 138.8, 134.7, 133.3, 131.7, 131.2, 129.5, 129.3, 128.9, 
128.6, 127.3, 126.3, 124.7, 124.5, 122.3, 118.1, 115.2, 80.6, 67.3, 54.9, 48.1, 
47.7, 31.7 HRMS (ESI): m/z calcd. for C27H26F6N3O, [M]
+










Beige solid, 90% yield. 
1
H NMR (500 MHz, CDCl3) δ 8.93 (s, 1H), 7.62 (d, J 
= 8.7 Hz, 1H), 7.52 (d, J = 8.0 Hz, 2H), 7.33-7.31 (m, 2H), 7.20 (t, J = 7.5 Hz, 
2H), 7.17-7.15 (m, 2H), 7.08-7.06 (m, 1H), 6.95 (t, J = 7.3 Hz, 1H), 6.73 (d, J 
= 1.9 Hz, 2H), 6.51 (s, 1H), 5.90 (t, J = 8.3 Hz, 1H), 4.79 (q, J = 8.5 Hz, 1H), 
4.66 (q, J = 12.6 Hz, 2H), 3.76 (s, 6H), 3.44 (dd, J = 15.7, 8.4 Hz, 1H), 3.31 
(dd, J = 15.5, 9.2 Hz, 1H), 3.11 (d, J = 3.1 Hz, 6H). 
13
C NMR (125 MHz, 
CDCl3) δ 161.19, 155.93, 139.31, 139.20, 134.77, 129.03, 128.71, 128.41, 
128.35, 124.60, 124.43, 122.42, 118.86, 111.34, 102.55, 80.86, 67.02, 55.75, 
54.79, 48.47, 48.29, 31.66. HRMS (ESI): m/z calcd. for C27H32F6N3O3, [M]
+
 : 











H NMR (500 MHz, CDCl3) δ 9.14 (s, 1H), 8.04 (s, 1H), 7.84 (d, J = 8.1 Hz, 
1H), 7.76 (t, J = 8.3 Hz, 2H), 7.69 (d, J = 8.9 Hz, 2H), 7.58 (d, J = 7.8 Hz, 2H), 
7.53 (t, J = 8.5 Hz, 2H), 7.48 (t, J = 7.5 Hz, 1H), 7.32 (d, J = 7.2 Hz, 1H), 7.21 
(t, J = 7.9 Hz, 2H), 7.11 (dt, J = 14.6, 7.2 Hz, 2H), 7.00 (d, J = 7.1 Hz, 1H), 
6.95 (t, J = 7.4 Hz, 1H), 5.93 (t, J = 8.5 Hz, 1H), 4.85 (m, 2H), 4.73 (q, J = 8.6 
Hz, 1H), 3.37 (dd, J = 15.6, 8.4 Hz, 1H), 3.29 (dd, J = 15.3, 9.4 Hz, 1H), 3.07 
(s, 6H). 
13
C NMR (125 MHz, CDCl3) δ 156.05, 139.37, 139.12, 134.63, 
134.00, 133.76, 132.74, 129.11, 129.04, 128.81, 128.46, 128.42, 127.96, 
127.65, 127.15, 124.61, 124.35, 123.67, 122.49, 118.88, 80.47, 67.20, 54.77, 
48.39, 47.71, 31.64. HRMS (ESI): m/z calcd. for C29H30N3O, [M]
+












Synthesis of Urea-Phosphonium PTCs 
 
Urea-phosphonium PTCs were synthesized according to the synthetic route 
shown above.  
Starting from commercially available 3-3, compounds 3-4 to 3-10 were 
synthesized by following a reported protocol.
25  
 
General procedure for the synthesis of 3-11: 
To a solution of 3-10 (0.20 mmol) in anhydrous THF (0.1 M) was added a 
solution of the corresponding aryl isocyanate (0.20 mmol in 1 mL of THF) at 
room temperature under a nitrogen atmosphere. The reaction mixture was 
stirred at r.t for 1 h (monitored by TLC) after which the solvent was removed 
in vacuo. The crude product was then purified by column chromatography on 





General procedure for the synthesis of PTCs 3-P to 3-U: 
 
3-11 (0.2 mmol) was suspended in toluene (0.1 M) and the corresponding 
benzyl bromide (0.41 mmol) was added. The reaction mixture was refluxed 
for overnight and reaction progress was monitored by TLC. Once 3-11 has 
been fully consumed, the reaction was cooled to room temp. Then the solvent 






White powder, 88% yield 
1
H NMR (500 MHz, CD3OD) δ 7.61-7.58 (m, 5H), 
7.38-7.35 (m, 5H), 7.24-7.15 (m, 9H), 6.95 (dd, J = 9.4, 4.4 Hz, 1H), 5.43 (m, 
1H), 3.16 (m, 2H), 2.75 (dd, J = 15.0, 8.3 Hz, 1H). 
13
C NMR (125 MHz, 
CD3OD) δ 157.15, 145.7 (d, Jc-p = 7.8 Hz), 142.5 (d, Jc-p = 5.9 Hz), 140.74, 
138.7 (d, Jc-p = 12.9 Hz), 138.3 (d, Jc-p = 12.9 Hz), 134.8 ,134.7 (d, Jc-p = 4.5 
Hz), 134.5, 130.1, 129.9, 129.7, 129.6 (d, Jc-p = 7.25 Hz), 129.3 (d, Jc-p = 7.3 
Hz), 128.8, 127.9, 125.4, 124.77, 123.3, 120.3, 59.8 (d, Jc-p = 25.5 Hz), 45.4 (d, 
Jc-p = 12.1 Hz), 36.2 (d, Jc-p = 18.5 Hz). 
31








White powder, 92% yield. 
1
H NMR (500 MHz, CD3OD) δ 7.76 (s, 2H), 7.64 
(t, J = 7.4 Hz, 2H), 7.58 (td, J = 7.6, 1.5 Hz, 2H), 7.47 (s, 1H), 7.35 (m, 3H), 
7.18 (m, 6H), 7.09-7.70 (m, 1H), 5.45 (m, 1H), 3.28-3.23 (m, 1H), 3.13-3.08 
(m, 1H), 2.82-2.75 (m, 1H). 
13
C NMR (125 MHz, CD3OD) δ 156.2, 145.1, 
143.1, 142.6 (d, Jc-p = 6.5 Hz), 138.8 (d, Jc-p = 12.8 Hz), 138.2 (d, Jc-p = 13.0 
Hz), 135.1 (d, Jc-p = 20.5 Hz), 134.4 (d, Jc-p = 19.7 Hz), 133.0 (d, Jc-p = 33.0 
Hz), 130.0 (d, Jc-p = 19.6 Hz), 129.6 (d, Jc-p = 7.1 Hz), 129.2 (d, Jc-p = 7.6 Hz), 
128.95, 127.96, 125.94, 125.44, 124.58, 123.78, 119.29, 59.9 (d, Jc-p = 25.4 
Hz), 45.5 (d, Jc-p = 11.9 Hz), 36.4 (d, Jc-p = 19.7 Hz). 
31
P NMR (200 MHz, 
CD3OD) δ -6.41. HRMS (ESI): m/z calcd. for C30H24F6N2OP, [M+H]
+
 : 










Beige solid, 85% yield. 
1
H NMR (500 MHz, CDCl3) δ 8.82 (s, 1H), 7.95 (dd, 
J = 10.7, 7.9 Hz, 3H), 7.62 (m, 6H), 7.53 (m, 2H), 7.47 (d, J = 7.6 Hz, 2H), 
7.30 (d, J = 6.9 Hz, 1H), 7.17 (dt, J = 10.3, 7.5 Hz, 4H), 7.09 (m, 1H), 7.04 (d, 
J = 6.7 Hz, 1H), 7.01 (d, J = 7.6 Hz, 2H), 6.91 (t, J = 7.4 Hz, 1H), 6.77 (dd, J 
= 7.5, 2.0 Hz, 2H), 5.83 (dt, J = 14.0, 9.2 Hz, 1H), 4.82 (t, J = 14.4 Hz, 1H), 
4.55 (m, 1H), 4.42 (t, J = 14.4 Hz, 1H), 3.36 (ddd, J = 15.6, 8.7, 2.7 Hz, 1H), 
2.83 (td, J = 15.6, 10.5 Hz, 1H). 
13
C NMR (125 MHz, CDCl3) δ 155.9, 141.31 
(d, Jc-p = 12.4 Hz), 139.4, 137.12 (d, Jc-p = 11.0 Hz), 135.2 (d, Jc-p = 2.9 Hz), 
135.0 (d, Jc-p = 2.8 Hz), 134.7 (d, Jc-p = 8.8 Hz), 134.2 (d, Jc-p = 8.6 Hz), 130.6 
(d, Jc-p = 5.4 Hz), 130.3 (d, Jc-p = 12.1 Hz), 130.0 (d, Jc-p = 12.1 Hz), 129.0 (d, 
Jc-p = 3.3 Hz), 128.6, 128.60, 128.29 (d, Jc-p = 3.9 Hz), 128.07,  127.1 (d, J = 
9.0 Hz), 124.59, 124.33, 122.23, 115.38, 114.70 (d, J = 4.3 Hz), 114.03, 55.2, 
38.8 (d, Jc-p = 48.1 Hz), 31.9, 29.8 (d, Jc-p = 43.9 Hz). 
 31
P NMR (200 MHz, 
CDCl3) δ 31.67. HRMS (ESI): m/z calcd. for C35H32N2OP, [M]
+









Beige solid, 89% yield. 
1
H NMR (500 MHz, CDCl3) δ 9.53 (s, 1H), 8.28 (d, J 
= 9.2 Hz, 1H), 7.98 (s, 2H), 7.93 (dd, J = 11.5, 7.8 Hz, 2H), 7.75 (t, J = 7.3 Hz, 
1H), 7.69 (m, 3H), 7.60 (m, 4H), 7.40 (s, 1H), 7.33 (d, J = 7.1 Hz, 1H), 7.21 
(m, 2H), 7.14 (dd, J = 7.9, 6.0 Hz, 1H), 7.06 (dd, J = 16.6, 8.7 Hz, 3H), 6.79 
(d, J = 7.3 Hz, 2H), 5.80 (dt, J = 13.8, 9.1 Hz, 1H), 4.75 (t, J = 14.3 Hz, 1H), 
4.51 (p, J = 9.2 Hz, 1H), 4.42 (t, J = 14.3 Hz, 1H), 3.42 (ddd, J = 15.5, 8.7, 2.7 
Hz, 1H), 2.89 (td, J = 15.5, 10.5 Hz, 1H). 
13
C NMR (125 MHz, CDCl3) δ 
155.4, 141.1, 140.8 (d, Jc-p = 12.2 Hz), 137.0 (d, Jc-p = 10.9 Hz), 135.3 (dd, J = 
9.4, 2.9 Hz), 134.5 (d, J = 8.8 Hz), 134.2 (d, J = 8.6 Hz, 1H), 131.7 (q, J = 
33.1 Hz, 1H), 130.5 (d, Jc-p = 5.4 Hz), 130.4, 130.3, 130.2, 130.1, 129.1 (d, Jc-p 
= 3.3 Hz), 128.8, 128.5 (d, Jc-p = 3.8 Hz), 128.3, 126.7 (d, Jc-p = 9.0 Hz), 124.6, 
124.5, 124.4, 122.3, 118.3, 115.14, 114.5 (d, Jc-p = 18.0 Hz), 114.0, 55.2, 38.8 
(d, Jc-p = 48.3 Hz), 31.9, 29.9 (d, Jc-p = 44.2 Hz). 
31
P NMR (200 MHz, CDCl3) 
δ 31.26. HRMS (ESI): m/z calcd. for C37H30F6N2OP, [M]
+










Pale yellow solid, 87% yield. 
1
H NMR (500 MHz, CDCl3) δ 9.48 (s, 1H), 8.26 
(d, J = 9.0 Hz, 1H), 7.93 (m, 3H), 7.78 (m, 3H), 7.63 (m, 4H), 7.41 (s, 1H), 
7.32 (m, 1H), 7.20 (m, 2H), 7.07 (m, 1H), 6.20 (dd, J = 4.3, 2.2 Hz, 1H), 5.92 
(t, J = 2.3 Hz, 2H), 5.77 (dt, J = 13.9, 9.0 Hz, 1H), 4.70 (t, J = 14.2 Hz, 1H), 
4.49 (m, 1H), 4.33 (t, J = 14.3 Hz, 1H), 3.45 (s, 6H), 2.90 (td, J = 15.7, 10.2 
Hz, 1H). 
13
C NMR (125 MHz, CDCl3) δ 160.95 (d, Jc-p = 3.3 Hz), 155.3, 
141.1, 140.7 (d, Jc-p = 12.0 Hz), 137.0 (d, Jc-p = 10.6 Hz), 135.2, 134.4, 131.7 
(q, JC-F = 33.0 Hz), 124.6, 124.5, 124.4, 122.3, 118.3, 115.3, 115.0, 114.9, 
114.8, 114.6, 114.2, 108.4 (d, Jc-p = 5.4 Hz), 100.8, 55.3, 55.2, 38.9 (d, Jc-p = 
48.2 Hz), 31.9, 29.9 (d, Jc-p = 44.1 Hz). 
31
P NMR (200 MHz, CDCl3) δ 31.16. 
HRMS (ESI): m/z calcd. for C39H34F6N2O3P, [M]
+









Pale yellow solid, 95% yield. 
1
H NMR (500 MHz, CDCl3) δ 9.44 (s, 1H), 8.43 
(s, 1H), 8.01 (s, 2H), 7.90 (m, 2H), 7.74 (t, J = 7.4 Hz, 1H), 7.62 (m, 8H), 7.41 
(s, 1H), 7.36 (d, J = 7.3 Hz, 1H), 7.23 (m, 4H), 7.08 (d, J = 7.2 Hz, 1H), 6.59 
(s, 2H), 5.88 (dt, J = 13.9, 9.1 Hz, 1H), 4.64 (t, J = 14.0 Hz, 1H), 4.48 (m, 2H), 
3.42 (m, 1H), 2.88 (td, J = 15.4, 10.5 Hz, 1H), 1.02 (s, 18H). 
13
C NMR (125 
MHz, CDCl3) δ 155.4, 151.8 (d, Jc-p = 3.3 Hz), 141.1, 141.13,  140.8, 136.9, 
136., 134.6, 131.7 (q, JC-F = 33.1 Hz), 130.2(d, Jc-p = 12.1 Hz), 130.1, 129.6, 
128.8, 128.3, 124.9, 122.4, 118.3, 55.3, 39.2 (d, Jc-p = 47.2 Hz), 34.6, 31.2,  
31.0, 30.3 (d, Jc-p  = 43.7 Hz). 
31
P NMR (200 MHz, CDCl3) δ 30.77. HRMS 
(ESI): m/z calcd. for C45H46F6N2O3P, [M]
+














Yellow solid, 98% yield. 
1
H NMR (500 MHz, CDCl3) δ 8.87 (s, 1H), 8.01 
(ddd, J = 9.4, 6.4, 1.9 Hz,2H), 7.91 – 7.74 (m, 5H), 7.73 – 7.57 (m, 6H), 7.44 
(s, 1H), 7.35 (d, J = 6.7 Hz, 1H), 7.31 – 7.20 (m, 2H), 7.14 (d, J = 6.6 Hz, 1H), 
5.89 (dt, J = 13.9, 9.4 Hz, 1H), 4.53 – 4.46 (m, 1H), 3.36 – 3.33 (m, 1H), 2.99 
(td, J = 15.6, 10.6 Hz, 1H), 2.68 (d, J = 13.2 Hz, 3H). 
13
C NMR (125 MHz, 
CDCl3) δ 154.9 (d, Jc-p = 7.0 Hz), 140.7 (d, Jc-p = 4.9 Hz), 140.6, 140.5 (d, J c-
p= 3.3 Hz), 140.5, 137.0 (q, JC-F = 21.2 Hz), 135.2 (d, Jc-p = 2.3 Hz), 135.1 (d, 
Jc-p = 2.9 Hz), 133.2 – 132.4 (m), 131.8 (d, Jc-p = 11.3 Hz), 131.5 (d, Jc-p = 
11.5 Hz), 130.8 – 130.2 (m), 129.0 (d, Jc-p = 3.5 Hz), 128.4, 128.3, 124.5 (d, 
Jc-p = 3.3 Hz), 124.4 (d, J = 2.8 Hz), 122.2, 115.2, 55.2, 40.4, 39.9, 39.53, 32.1 










Yellow solid, 100% yield. 
1
H NMR (500 MHz, CD3OD) δ 7.79 (m, 9H), 7.66 
(t, J = 7.2 Hz, 2H), 7.60 (td, J = 8.0, 3.4 Hz, 4H), 7.51 (td, J = 7.9, 3.3 Hz, 3H), 
7.34 (m, 5H), 7.21 (m, 12H), 7.00 (t, J = 7.4 Hz, 2H), 6.83 (d, J = 7.4 Hz, 2H), 
6.67 (dd, J = 7.7, 1.9 Hz, 2H), 5.67 (dd, J = 14.5, 7.3 Hz, 2H), 4.57 (m, 4H), 
4.08 (m, 2H), 3.60 (dt, J = 16.5, 8.4 Hz, 2H), 3.04 (td, J = 16.7, 8.4 Hz, 2H). 
13
C NMR (125 MHz, CD3OD) δ 157.0, 141.9 (d, Jc-p = 10.4 Hz), 140.4, 140.3, 
139.6 (d, Jc-p = 8.9 Hz), 139.2, 136.4 (d, Jc-p = 15.4 Hz), 135.7 (d, Jc-p = 9.4 
Hz), 135.5 (d, Jc-p = 9.3 Hz), 130.0, 129.9, 129.1, 126.1, 125.8, 125.0, 124.0, 
120.4, 56.6, 39.6 (d, Jc-p = 48.1 Hz), 35.4, 33.2 (d, Jc-p = 67.4 Hz), 30.9, 29.3 
(d, J = 45.6 Hz). HRMS (ESI): m/z calcd. for C64H58F6N4O2P2, [M]
2+
 : 















PTC 3-W was synthesized according to the synthetic route shown above.  
Starting from commercially available 3-3, compounds 3-12 to 3-16 were 












Procedure for synthesis of 3-17: 
To a solution of 3-16 (1.0 mmol) in anhydrous THF (15 mL) was added a 
solution of the 3,5-bis(trifluoromethyl)phenyl isocyanate (1.0 mmol in 2 mL 
of THF) at room temperature under a nitrogen atmosphere. The reaction 
mixture was stirred at r.t for 1 h (monitored by TLC) after which the solvent 
was removed in vacuo. The crude product was then purified by column 





Yellow solid, 61% yield. 
1
H NMR (500 MHz, CDCl3) δ 11.80 (s, 1H), 7.88 (s, 
2H), 7.46 (s, 1H), 7.34 (d, J = 7.7 Hz, 1H), 7.27 (m, 1H), 7.23 (t, J = 5.9 Hz, 
2H), 6.07 (s, 1H), 4.37 (s, 1H), 4.29 (s, 1H), 3.41 (dd, J = 15.9, 8.7 Hz, 1H), 
2.84 (dd, J = 15.7, 8.6 Hz, 1H), 2.63 (s, 6H). 
13
C NMR (125 MHz, CDCl3) δ 
141.9, 140.0, 138.0, 132.1 (q, JC-F = 33.1 Hz), 128.5, 126.9, 126.6, 125.4, 









Procedure for synthesis of PTC 3-W: 
 
To a solution of 3-17 (0.10 mmol) in anhydrous MeCN (2 mL) was added 
benzyl bromide (0.20 mmol) at room temperature under a nitrogen atmosphere. 
The reaction mixture was stirred at r.t and monitored by TLC. Upon complete 
consumption of 3-17, the solvent was removed in vacuo. The crude product 






Beige solid, 91% yield. 
1
H NMR (500 MHz, CDCl3) δ 9.44 (s, 1H), 7.92 (s, 
2H), 7.68 – 7.14 (m, 11H), 5.43 (s, 1H), 5.28 (s, 1H), 4.83 (s, 2H), 3.89 (dd, J 
= 18.0, 6.5 Hz, 1H), 3.15 (d, J = 18.1 Hz, 1H), 3.05 (s, 3H), 2.92 (s, 3H). 
13
C 
NMR (125 MHz, CDCl3) δ 155.45, 145.90, 140.98, 133.18, 131.61 (q, JC-F = 
33.3 Hz), 130.87, 130.67, 129.28, 129.19, 128.76, 127.70, 126.74, 126.48, 
124.30, 122.13, 119.96, 118.19, 114.93, 85.68, 65.96, 52.72, 48.20, 46.51, 
38.81. 
